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ABSTRACT
The suitability of rectus abdaninis skeletal muscle for use in 
the diagnosis of MH was investigated. Human rectus abdaninis obtained 
fron caesarian section operations (caesar rectus abdaninis) 
contracted abnormally in response to the diagnostic reagents, while 
rectus abdaninis fran other sources did not. Porcine rectus abdaninis 
produced higher contraction responses to the diagnostic reagents than 
the corresponding gracilis skeletal muscle and rectus abdaninis fran 
MH-negative (MHN) siblings of MH-susceptible (MHS) pigs gave 
contraction responses equivalent to that of MHS skeletal muscle. It 
was concluded that caesar rectus abdaninis and porcine rectus 
abdaninis should not be used for the diagnosis of MH.
The ccmmercial preparation of oxytocin (Syntocinon) used in 
caesarian section procedures was investigated as a possible cause of 
the abnormal contraction responses of caesar rectus abdaninis. 
However, Syntocinon was found to reverse and prevent drug-induced 
contractions in caesar rectus abdaninis and MHS porcine gracilis 
skeletal muscles, "in vitro". Further investigation revealed that the 
preservative used in Syntocinon (chlorbutol) was the active skeletal 
muscle relaxant "in vitro" and that preservative-free oxytocin had no 
effect on skeletal muscle contractility.
The sarcoplasmic reticulum (SR) was examined as a possible site 
of action for the skeletal muscle relaxant, chlorbutol. Chlorbutol 
was found to have no effect on Ca2+-ATPase activity, Ca2+-uptake or
9 -1-Ca - equilibrium exchange in fragmented SR (FSR) vesicles isolated 
fran control and MHS porcine skeletal muscle. There was also no 
significant difference between control and MHS skeletal muscle in 
relation to these parameters of SR function.
Adenylate Cyclase (AC) was investigated as a possible site of the 
biochemical abnormality in MHS skeletal muscle. While seme activators 
of AC activity (fluoride and molybdate ions) potentiated drug-induced 
contractions in control skeletal muscle, others (norepinephrine and 
forskolin) did not. Fluoride and molybdate effects were prevented by 
dantrolene. Fluoride and molybdate increased AC activity in a 
concentration dependent manner, but there was no significant 
difference between control and MHS porcine skeletal muscle in 
relation to cAMP content, basal AC activity or molybdate stimulated 
AC activity.
While fluoride and molybdate increased the sensitivity of control 
skeletal muscle to the diagnostic reagents, they did not alter that 
of MHS skeletal muscle. These results indicated that there was a 
clear difference between control and MHS skeletal muscle which was 
not due to elevated AC activity in MHS skeletal muscle.
The role of fluoride and molybdate as protein phosphatase
inhibitors was investigated as a possible mechanism for the
pharmacological effects of these anions. Using ATP^fS as substrate,
the thiophosphorylation of control porcine skeletal muscle FSR was
characterised. Three independent thiophosphorylation levels were
found which thiophosphorylated 7 FSR proteins. Five of these proteins
2+were unidentified SR proteins and the others were the Ca -ATPase and 
the Ca^+-binding protein, calsequestrin. Molybdate increased the
O  Ithiophosphorylation of the Caz -ATPase and calsequestrin and this was 
reduced by dantrolene.
The thiophosphorylation of MHS porcine FSR was characterised and 
compared with that of control FSR. While no significant difference 
was found between control and MHS FSR thiophosphorylation levels, 
molybdate, in contrast to its action on control FSR
not alter thethiophosphorylation, did    Ca -dependent 
thiophosphorylation levels of MHS FSR. Furthermore, dantrolene 
reduced MHS FSR thiophosphorylation as well as that of control FSR.
2+
It was concluded that alteration of protein phosphatase activity 
in skeletal muscle SR represents a biochemical basis for the 
pharmacological action of molybdate. A model to explain the 
biochemical defect which predisposes to MH, based on defective 
protein phosphatase activity, is proposed.
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CHAPTER 1
GENERAL INTRODUCTION.
1.1 MALIGNANT HYPERPYREXIA.
Skeletal muscle rigidity and sustained elevation of body 
temperature are two significant features of the anaesthetic 
complication, Malignant Hyperpyrexia (MH). Although hyperpyrexic 
reactions to general anaesthesia had been reported as early as 1937 
(Guedal, 1937), the familial occurrence of such reactions was not 
recognised until 1960. The report of a family in which ten members 
had died as a result of ether anaesthesia (Denborough and Lovell, 
1960) established interest in MH as a hereditary disease. Despite a 
relatively lew incidence, ranging fron 1:14000 to 1:75000 general 
anaesthetics (Williams, 1976; Ellis et al.,1972; McPherson and 
Taylor, 1981), the mortality rate of 60-70% (Britt and Kalcw, 1970a; 
Williams, 1976) ensures the importance of MH in anaesthetic practice.
MH has been reported not only with ether but with most other 
volatile anaesthetic agents (Stephen, 1977; Britt et al., 1930; 
Denborough, 1980), particularly with halothane (Gronert, 1980). A 
muscle relaxant, suxamethonium chloride, has also been found to 
precipitate MH in susceptible individuals (Britt and Kalcw, 1970b). 
The onset of an MH episode can be immediately after exposure to a 
precipitating agent (Denborough, 1980), up to several hours after 
commencement (Fletcher et al., 1982) or shortly after cessation 
(Denborough, 1980) of general anaesthesia. An increase in body 
temperature (Stephen, 1977) is accompanied by muscle rigidity in 
70-80% of cases (Stephen, 1977). Associated findings include 
tachycardia, ventricular arrhythmias and unstable blood pressure
2(Britt, 1979). Tachypnoea and cyanosis of the skin are also observed 
in most cases (Nissen and Yonkers,1982). Serum analysis reveals 
elevated glucose and phosphate and fluctuating magnesium, calcium and 
potassium levels (Gronert, 1980). The serum content of muscle enzymes 
such as creatine phosphokinase (CPK), lactate dehydrogenase, glutamic 
oxalacetic transaminase and hydroxybutyrate dehydrogenase also 
increase dramatically (Britt, 1979), consistent with muscle damage.
Most individuals who are susceptible to MH are clinically normal 
in the absence of a precipitating agent. Hcwever, three myopathies 
which predispose to MH have been described (King et al., 1972; 
Denborough, 1978). The most ccmmon associated myopathy (Evans 
myopathy) is usually daninantly inherited and sub-clinical, but may 
involve seme muscle wasting in the thigh region (Denborough et al., 
1970). Another myopathy is recessively inherited and affects only 
young boys. It is associated with various musculoskeletal 
deformities, ptosis, lumbar lordis and short stature (King and 
Denborough, 1973). Central core disease is a third myopathy which 
predisposes to MH. This myopathy is only evident upon histochemical 
examination of skeletal muscle fibres, which shews characteristic 
core-like lesions in the centre of type I muscle fibres (Denborough, 
1978). MH has also been claimed to be associated with other 
recognised muscle disorders such as Duchennes muscular dystrophy 
(Kelfer et al., 1983) and congenital muscular dystrophy (Fletcher et 
al., 1982). Hcwever, Moulds and Denborough (1974c) failed to find any 
association between muscular dystrophy and MH.
These associations of myopathies with MH and the observed muscle 
rigidity and elevated muscle enzyme levels in the serum of affected 
individuals prompted the hypothesis that the clinical syndrome of MH 
was a consequence of increased muscle metabolism (British Medical
3Journal Editorial, 1968). Subsequent demonstration that survivors of 
an MH attack and sane of their relatives had high serum CPK levels 
(Denborough et al., 1970; Isaacs and Barlow., 1970) further
implicated skeletal muscle. The finding that MHS human skeletal 
muscle fibres contracted "in vitro" in response to halothane (Ellis 
et al., 1972; Moulds and Denborough, 1974b) confirmed that
individuals susceptible to MH have an underlying disease of skeletal 
muscle.
The development of a reliable test to identify susceptibility to 
MH has become an important aspect of MH research. While elevated 
resting CPK levels are often found in some MHS individuals (Zsigmond 
et al., 1972; Isaacs and Barlcw, 1970; Addis et al., 1978), other 
investigators have reported normal CPK levels in MHS families (Peter 
et al., 1975; Ellis et al., 1975). Furthermore, CPK levels may be 
raised by other conditions not associated with MH, such as extreme 
exercise and myocardial infarction (McPherson and Taylor, 1981). 
Therefore the use of the serum CPK estimation as a diagnostic test 
for MH is not reliable (Ellis et al., 1975; Amaranath et al., 1983). 
It may, hcwever, still be useful in the identification of seme "at 
risk" individuals (Aldrete, 1981).
Currently, the only consistent difference between normal and MHS 
individuals , in the absence of any precipitating agent, is the 
hypercontractility of their skeletal muscle "in vitro" to various 
chemical stimuli (Denborough ,1980). Such contraction responses of 
MHS muscle have been characterised. Halothane (Ellis et al., 1971; 
Moulds and Denborough, 1974b), caffeine (Kalav et al., 1970) ,
Anectine (Gallcway, 1982) and potassium chloride (Moulds and 
Denborough, 1974b) have all been shown to induce increased
contraction responses in MHS muscle when compared with control
4muscle. As a result, exposure of skeletal muscle "in vitro" to seme 
or all of these reagents new forms the basis for the diagnosis of MH 
(Kalcw et al., 1977; Ellis et al., 1984). Hcwever, this procedure is 
an invasive one and attempts have been made to identify an MH-linked 
abnormality in other, more accessible, tissues.
Changes in cardiac (Gronert et al., 1978), pulmonary (Lucke et 
al., 1976), renal (Ryan and Papper, 1970), sympathetic (Sair et al., 
1970) and central nervous (Gronert, 1980) systems have all been 
associated with MH. Hcwever, these changes only appear during an MH 
crisis and cannot be detected in the absence of a precipitating 
agent. While altered platelet function has been observed in seme MHS 
individuals (Solcmons et al., 1980; Zsigmond et al., 1977; Sullivan, 
1980) , it has not been found in others (Sullivan, 1980; Rosenberg et 
al., 1981). Thus tests of platelet reactivity are too inconsistent to 
be used as a screening method for identifying MH susceptibility.
Erythrocyte fragility has also been reported to be abnormal in MH 
individuals, but this was subsequently disputed by further studies 
(Zsigmond et al., 1978). Individuals susceptible to MH have higher 
plasma levels of insulin after glucose loading (Denborough et al., 
1974). Hcwever, increased insulin secretion is also observed in other 
myopathies including dystrophic myotonia (Huff et al., 1967).
Because tests in tissues other than skeletal muscle have so far 
given such variable results the "in vitro" testing of skeletal 
muscle contractility, remains the favoured diagnostic test for MH, 
although these other studies do suggest that, in seme individuals, 
other cell types may be affected.
5Much of the current understanding of MH stems fron the discovery 
of an animal model for MH. While MH has been reported in dogs (Short 
and Paddleford, 1973), cats (De Jong, 1974) and horses (Williams, 
1976), these represent isolated incidents. In 1966, Hall et al., 
reported halothane and succinylcholine induced MH in pigs. Porcine MH 
is the most prevalent animal model for human MH and the 
pharmacological behaviour of MHS pig muscle appear to be identical to 
that of human MHS muscle (Okumura et al., 1979). The inheritance of 
porcine MH also appears to be similar to that of human MH. While 
various modes of inheritance have been described for MH in different 
breeds of pig (Andresen and Jensen, 1977; Ollivier et al., 1975; 
Smith and Bampton, 1977; Britt et al., 1979), consistent results frcm 
this laboratory have shewn MH in Landrace pigs to be dcminantly 
inherited (Denborough, unpublished observations).
Porcine MH is closely associated with two syndremes of 
considerable concern to pig breeders. The porcine stress syndreme 
(PSS), induced by aggressive behaviour or transportation (Topel et 
al., 1968), results in characteristic features of MH such as 
tachycardia, tachyapnoeia, elevated body temperature and skeletal 
muscle rigidity (Sybesma and Eikelenbocm, 1978). Pigs susceptible to 
PSS and MH also have a high incidence of pale, soft, exudative pork, 
or PSEP, (Nelson, 1973). This condition refers to the poor quality of 
meat obtained post mortem, as a result of rapidly glycolysing muscle 
(Briskey, 1964). It is new evident that MH, PSS and PSEP are all 
different manifestations of the same syndrane (Denborough, 1980).
The close similarity between porcine and human MH suggests that 
stress may also be important in human MH. Severe physical stress, 
resulting in heat stroke, produces symptoms of elevated temperature 
and electrolyte imbalance, similar to the symptoms of MH (Lydiatt and
6Hill, 1981). Furthermore, a patient suffering fron heat stroke was 
subsequently diagnosed as susceptible to MH (Denborough, 1982). There 
is also an association between MH and the sudden infant death 
syndrcme, SIDS (Denborough, 1981). In one study of 15 parents of SIDS 
children, five were diagnosed as susceptible to MH (Denborough et 
al., 1982). The association between MH and SIDS has been confirmed by- 
other studies (Peterson, personal communication). It is also 
interesting to note that elevated temperatures have been implicated 
in many sudden infant deaths (Stanton et al., 1980).
While the site of the skeletal muscle abnormality associated with 
MH remains unkncwn (Gronert, 1980), it has become accepted that 
elevated myoplasmic Ca concentration can account for most of the 
features of MH symptoms (Denborough, 1980). The strength of a muscle 
contraction is directly proportional to the free Ca concentration 
in the myoplasm (Weber and Murray, 1973). Therefore, the skeletal 
muscle rigidity usually associated with MH suggests that the control 
of free Ca in the myoplasm is altered in MH (Denborough, 1980). 
Elevated myoplasmic Ca can exert several heat producing effects, 
even in the absence of muscle rigidity (Britt, 1979). Activation of 
phosphorylase, resulting in the production of lactic acid, CO^ and 
heat from glycogen breakdcwn can be increased by raised myoplasmic 
Ca concentrations which are insufficient to cause muscle 
contraction (Blinks et al., 1978). Further increases in the
n  I
myoplasmic Ca concentration would further increase heat production 
and also induce muscle contraction (Britt, 1979). Prolonged elevation 
of Ca levels may result in absorption of Ca by the mitochondria 
and consequently uncoupling of oxidative phosphorylation from 
electron transport (Britt, 1979). As a result, output of lactate, CO^ 
and heat will be exaggerated further.
7The response of skeletal muscle "in vitro" also indicates a 
central role for Ca in MH. Caffeine, which induces greater
contractions in MHS skeletal muscle than control muscle (Kalcw et 
al., 1970) has been shewn to act on the sarcoplasmic reticulum (SR),
p ireducing Ca“ -uptake and storage (Weber and Hertz, 1968; Weber, 1968)
2+and thereby increasing rryoplasmic Ca concentration (Britt, 1979). 
Furthermore, dantrolene sodium , which reverses and prevents MH 
characteristic contractions (Austin and Denborough, 1977) , lewers
9  lmyoplasmic Ca concentration (Ellis and Bryant, 1972).
It has, therefore, become clear that skeletal muscle
2+contractility and , in particular, the control of free Ca 
concentration are important in MH. Consequently, skeletal muscle has 
become the centre of attention in MH research. A brief review of 
skeletal muscle structure and function follows.
1.2 SKELETAL MUSCLE STRUCTURE AND FUNCTION.
Skeletal muscles consist of groups of multinucleated muscle cells 
or fibres surrounded by blood vessels and connective tisue (Stein, 
1980). Each muscle fibre is composed of a large number of myofibrils, 
which comprise the contractile elements of skeletal muscle (figure 
1.1). These myofibrils are bathed in the muscle cytoplasm (myoplasm 
or sarcoplasm) which contains glycogen, glycolytic enzymes and 
intermediates, ATP, ADP, AMP, inorganic phosphate, phosphocreatine, 
creatine and other electrolytes neccessary for the specialised 
function of muscle contraction (Lehninger, 1975). Each myofibril is 
surrounded by a complex membrane network, consisting of the 
transverse tubules (T-tubules or T-system), which are continuous with 
the plasma membrane (sarcolemma), and the sarcoplasmic reticulum 
(SR), which is a highly differentiated form of the endoplasmic
Figure 1.1 Diagrammatic Representation of the arrangement 
of Skeletal Muscle Myofibrils. (Reproduced fron 
Lehninger, 1975).
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yreticulum (figure 1.2). These internal membrane systems are important 
in the regulation of contractile activity, as will beccme clear.
An individual myofibril is composed of a complex, hexagonal 
arrangement of thick and thin myofilaments which are the basic 
contractile elements of skeletal muscle (figure 1.1). Along the 
length of the myofibrils is a repeating structural pattern. These 
repeating patterns (which recur every 2.5pm) represent the basic 
units of contraction, called sarcomeres. Light microscopy of the 
myofibrils shew the sarcomeres as alternate patterns of light and 
dark bands. The dark bands (A-bands) are optically anisotropic and do 
not change in length during muscle contraction (Huxley and Hanson, 
1954). The light bands (i-bands) are optically isotropic, having 
uniform physical properties, and shorten during muscle contraction 
(Huxley and Hanson, 1954). The parallel arrangement of the myofibrils 
and the regular repetition of the light and dark bands give the 
muscle fibres their characteristic cross-striated appearance (figure 
1.1). The centre of each I-band contains a dark line knewn as the 
Z-line. The distance between each Z-line defines the extent of each 
sarccmere. The A-band is also divided by a dark line (M-line) which 
is located in a less dense region, the H-zone. These characteristic 
optical properties of skeletal muscle fibres are a direct consequence 
of the arrangement of the thick and thin filaments (figure 1.1). The 
I-bands contain only thin filaments, which begin at the Z-line and 
terminate at the edge of the H-zone. Hcwever, the A-bands contain 
both thick filaments and thin filaments. The thick filaments extend 
continuously through the A-band, but the thin filaments only begin at 
the Z-line and extend through the I-band, into the A-band.
Figure 1.2 Diagrammatic Representation of the Membrane
Components of Skeletal Muscle. (Reproduced 
from Eisenberg et al., 1974)
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Thick filaments consist of longitudinal bundles of myosin 
molecules (Huxley, 1953). Myosin, which has a molecular weight of 450 
000, is 160nm long and contains six polypeptide chains (Lehninger, 
1982). Two of these polypeptides are wound around each other in an 
o(-helical fashion and form the rod-like tail of the myosin molecule 
(figure 1.3). The head of the myosin molecule, which has ATPase 
activity, is composed of four light polypeptide chains and the ends 
of the myosin tail, folded into a globular structure. Just below the 
head region, the myosin molecule has hinge-like joints which allcw 
the myosin to make bonds or cross-bridges with the thin filaments. 
(Huxley, 1957).
The thin filaments are carrposed of three main proteins. The 
predominant protein is act in, to which the myosin heads attach at 
regular intervals during muscle contraction. Actin is a globular 
molecule (G-actin) with a molecular weight of 46 000. G-actin 
moncmers are arranged in double helix formations to form the fibrous 
actin (F-actin) polymers of the thin filaments (figure 1.4). 
Associated with each single strand of F-actin (containing seven 
G-actin monomers) is a long, thin molecule of tropomyosin (Laki et 
al., 1962). Near the end of each tropomyosin molecule is another 
protein molecule, troponin (figure 1.4), which has several regulatory 
functions.
Troponin is a globular protein containing three polypeptide
2+subunits. Troponin-C binds two Ca ions, resulting in a 
conformational change of the troponin molecule (Ebashi, 1968). The 
inhibitory subunit (Troponin-l) does not bind Ca but does bind 
actin and serves to inhibit the interaction of actin and myosin. The 
binding of troponin to tropomyosin is the function of the third 
subunit, troponin-T. Thus the troponin molecule is attached to the
Figure 1.3 Diagrammatic Representation of the Myosin 
Molecule in Skeletal Muscle. (Reproduced 
frcm Lehninger. 1975).
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Figure 1.4 Diagrammatic Representation of the Structural 
Components of Thin Filaments. (Reproduced 
frcm Stein, 1980).
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thin filament by two binding sites (figure 1.4) one specific for 
actin ( regulated by troponin-C) and the other specific for 
troponyosin (Potter and Gergely, 1974).
These structural and binding characteristics of the myofilaments
are important in the generation of contractile activity in skeletal
2+muscle. In normal resting muscle, the myoplasmic Ca concentration
_
is maintained at very lew levels (approximately 10 M ;Hasselbach, 
1964) by a Ca^"1"- ATPase, located in the SR. The Ca^+ is stored inside 
the SR, ATP is bound to all m/osin heads and no actin-myosin 
cross-bridges are evident (Lehninger, 1975). In the presence of free 
Ca in the myoplasm, Ca is bound to troponin-C and the 
conformational change of the troponin molecule exposes the myosin 
binding site. These conditions favour cross-bridge formation and the 
myosin head attaches to the G-actin moncmers (Tregear and Marston, 
1979). The myosin head is then believed to undergo a conformational 
change, resulting in rotation of the head, thus moving the thin 
filament along the thick filament and the muscle contracts (figure 
1.5)(Stein, 1980). Relaxation involves dissociation of actin fron 
myosin and the removal of c ross-bridges. Ca^+ is removed from the
myoplasm and troponin returns to its original conformational state, 
which favours the inhibition of myosin binding (Ebashi, 1968).
Central to these conformational changes in muscle contraction and 
relaxation, are changes in the myoplasmic concentration of Ca^+ 
(Ebashi et al., 1969). Such changes are under the control of the 
excitation-contraction coupling (E-C coupling) mechanism. E-C
coupling involves the link between the stimulus for contraction at 
the neuromuscular junction and the release of Ca frem the SR into 
the myoplasm (Squire, 1981). The electrical impulse at the
neuromuscular junction results in an increased permeability of the
Figure 1.5 Diagrammatic Representation of the Interaction
between Actin and Myosin during muscle Contraction.
(Reproduced fron Huxley, 1971).
(a) Hinging of the myosin heads allow attachment of the c ross-bridges. 
Attachment takes place at exactly the same angle irrespective of the 
interfilament spacing by utilising flexible linkages at either end of the 
molecule.
(b) Contraction occurs by rotation of the myosin head resulting in a 
movement of the thin filament with respect to the thick filament.
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sarcolemma. This causes a movement of Na+ and K+ ions in accordance 
with their concentration gradients and the depolarisation of the 
sarcolemma (Squire, 1981). This depolarisation spreads throughout the 
sarcolemma and, as it is continuous with it, throughout the T-system 
as well (Costantin, 1974). When the T-system becomes depolarised, the 
stimulus for contraction is communicated to the sarcomeres at the 
triad junction (Peachey, 1965). The triad junction (figure 1.2) 
represents the region where the T-tubule membrane associates with two 
terminal sacs (terminal cistemae) of the SR. The change in T-tubule
polarisation is transmitted to the terminal cistemae resulting in 
2+Ca release into the myoplasm and, therefore, muscle contraction 
(Ebashi et al., 1969).
The nature of this communication between the membranes of the
T-system and the SR remains unclear. However, the identification of
small projections ("SR feet") which span the triad gap
(Franzini-Arrmstrong, 1975) suggested a means for electrical
continuity between the two membranes. Consequently, theories
involving direct electrical coupling have been postulated to explain
this aspect of E-C coupling (Schneider and Chandler, 1973; Mathias et
al., 1980). Calcium has also been implicated in E-C coupling (Frank,
1980). This theory suggests that depolarisation of the T-system
causes release of trigger Caz into the triad gap, which in turn
2+causes release of Ca from the SR. Hcwever, despite considerable 
"in vitro" evidence to suggest such a mechanism (Frank, 1980), the 
precise physiological mechanism of E-C coupling remains unknown.
Relaxation of skeletal muscle involves removal of the nervous 
stimulus, repolarisation of the membranes and the re-uptake of Ca2+ 
by the longitudinal regions of the SR (Squire, 1981). Mechanisms of 
Ca2+ release, uptake and storage therefore play an important role in
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E-C coupling and are discussed in more detail in chapter 4.
The immediate source of energy for muscle contraction is ATP, 
hydrolysed by the myosin ATPase (Squire, 1981). Muscle relaxation is
n  Ialso an ATP dependent process, since the re-uptake of Ca^ into the
n  ISR is driven by the Ca - ATPase. The amount of ATP found in muscle 
is small, sufficient for only about eight twitches "in vitro" 
(Squire, 1981). Hcwever, in the short term, adequate supplies of ATP 
are maintained by the transfer of high energy phosphoryl groups fron 
creatine-phosphate (CP) to ADP, catalysed by creatine phosphokinase 
(CPK) (Lohmann, 1934). In the long term, as high energy stores are 
depleted, supplies of ATP are maintained by glycolysis and oxidative 
phosphorylation (Lehninger, 1982).
Although glycolytic and respiratory activity is found in all 
skeletal muscles, the relative contribution of these mechanisms 
tcwards ATP regeneration varies. Seme muscles have a high content of 
myoglobin and cytochromes and are characteristically slew twitch 
muscles. These muscle types are red in appearance and have profuse 
mitochondria, so that oxidative phosphorylation is the main source of 
ATP (Lehninger, 1975). Other muscle types (white muscles) contain 
little myoglobin or mitochondria and so glycolysis is the chief 
source of ATP. White muscle types are characteristically fast twitch 
muscles (Lehninger, 1975). The function of a particular muscle is 
dependent on the contribution of each muscle type to that muscle.
Clearly, there are many facets to skeletal muscle function. 
Consequently, as MH is generally believed to be due to abnormal 
skeletal muscle function, most aspects of this have been examined in
relation to MH.
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1.3 SKELETAL MUSCLE AND MALIGNANT HYPERPYREXIA.
The degree of innervation of skeletal muscle reflects the 
function of that particular muscle. A highly innervated muscle is 
generally a tonic muscle , while fast twitch muscle is usually 
mononeurally innervated (Squire, 1 9 8 1 ) .  Denervated muscle has been 
shewn to be hypersensitive to succinylcholine (Thesleff, 1974; 
Moulds, 1974) and caffeine (Gutman and Sandcw, 1 9 6 5 ) .  Thus, the 
abnormal contraction response of MHS skeletal muscle "in vitro" 
(Okumura et al., 1979) might reflect a difference in the degree of 
innervation of MHS muscle. However, in contrast to denervated muscle, 
contractions induced by succinylcholine in MHS muscle did not block 
depolarisation contractions induced by 80irM KC1 (Moulds, 1 9 7 8 ) .  
Therefore, succinylcholine altered the degree of membrane
depolarisation in denervated muscle but not in MHS muscle. While MHS 
muscle contracts in response to halothane, denervated muscle does not 
(Moulds, 1 9 7 8 ) .  Furthermore, denervated muscle displayed enhanced 
twitch response, decreased relaxation times and a lower frequency 
threshold required to produce tetanus (Moulds, 1 9 7 8 ) .  None of these
parameters were found to be abnormal in MHS muscle (Moulds, 1 9 7 8 ) .
Thus , despite certain similarities to denervated muscle, it appears 
that the abnormality which leads to MH is not reflected by the deqree 
of innervation. The defect relating to MH is more likely to be
post-synaptic (Nelson et al., 1 9 8 3 ) .  Curare has been found to prevent 
succinylcholine induced MH but it was ineffective in preventing 
halothane induced contractions (Harrison, 1 9 7 1 ) .
The skeletal muscle plasma membrane (sarcol eima ) serves to 
transmit the nervous signal to the inner parts of the muscle cell to 
effect contraction. Increased sensitivity of MHS muscle to 80mM KC1 
(Moulds and Denborough, 1974b), suggests that MHS muscle has a lower
mechanical threshold to depolarisation (Gronert, 1980). The 
demonstration that halothane (Gallant et al., 1979; Gallcway, 1980) 
and caffeine (Gallcway, 1980) caused depolarisation of MHS sarcolemma 
in pigs but not of control porcine sarcolemma, suggested that the 
basic abnormality in MH might involve the sarcolemma (Gallant et 
al.,1979). In other studies , halothane did not alter membrane 
polarity (Bradley et al., 1973). Hcwever, these studies were carried 
out at 20°c , a temperature at which the abnormal contraction
responses of MHS muscle do not occur (Nelson et al., 1975; Sullivan 
and Denborough, 1982).
The magnitude of the depolarisation produced by halothane in MHS 
muscle (5-10 mV) is not sufficient to cause contraction of normal 
muscle (Gallcway, 1982). Hcwever, such a difference fron control 
muscle may reflect a lcwer mechanical threshold in MHS muscle (Bryant 
and Anderson, 1977). Thus, a small depolarisation induced by 
halothane may be sufficient to induce a contraction in MHS muscle 
(Gallant et al., 1982). Recent studies, hcwever, suggest that 
activation and propagation of the muscle action potential (MAP) are 
normal in MHS muscle (Nelson et al., 1983). Although prolonged 
electromechanical coupling time (EMCT) intervals were observed in MHS 
muscle, the kinetics for the formation of the MAP were similar to 
control muscle (Nelson et al., 1983). This suggests that later events 
in E-C coupling such as signal transfer at the triad junction or 
release of SR Ca^+ are altered in MHS muscle (Nelson et al., 1983).
Treatment of skeletal muscle fibres with glycerol or D2O inhibits 
E-C coupling and prevents drug induced contractions in MHS muscle 
(Okumura et al., 1980). However, although glycerol has been suggested 
to disrupt the transverse tubule system (Dulhunty and Gage, 1973), 
the extent of this disruption is not clear (Fatkin et al., 1979) and
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may also involve the SR (Davey et al., 1980). Therefore, the precise
site of action of glycerol on E-C coupling is unclear. Furthermore,
the precise site of action of D^o on E-C coupling is also unknown,
although it does not block action potential production or contractile
protein activation (Sandcw et al., 1976). Therefore, although the E-C
coupling mechanism appears to be implicated in MH (Denborough, 1978),
these results do not make clear whether the abnormality lies in
74-events at the triad or mechanisms of SR Ca transport.
Studies on sarcoplagnic reticulum function in relation to MH have
failed to establish whether or not mechanisms of Ca^+ transport are
altered in MHS muscle (Gronert, 1980). This may, in part, be due to
"the use of a variety of techniques to examine a physiological
process, the mechanism of which is not yet known and which involves
2+release and reaccumulation of Ca so rapidly as to make difficult,
accurate measurement" (Gronert, 1980). Most studies have reported
reduced (Gronert et al., 1979; Heffron and Isaacs, 1976; Nelson, 1978
; Britt et al., 1973; Issacs and Heffron, 1975; McIntosh et al.,
1977) or similar to normal (Kalow et al., 1970; Nelson et al., 1972;
Dhalla et al., 1972; Denborough et al., 1973b; Blank et al., 1981;
White and Denborough, 1984) SR Ca uptake in MHS pigs and humans.
2+Hcwever, increased Ca uptake in MHS pigs has also been reported 
(Berman and Kench, 1973; Brucker et al., 1973; Britt et al., 1975a). 
While high concentrations of halothane have been shown to depress 
Ca^+ binding in SR (Gronert, 1980), the halothane induced Ca^+ 
release frcm MHS and normal SR was minimal (Dhalla et al., 1972). The 
capacity for Ca^+ uptake in MHS SR was also found to be lower than 
normal (Gronert et al., 1979) but other studies found similar uptake 
capacities for Ca^+ in normal and MHS SR (Nelson et al., 1972; White 
and Denborough, 1984). Furthermore, the rates of passive Ca^+ 
exchange and Ca efflux were found to be similar in MHS and control
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SR (White et al., 1983). The binding of Ca2+ to the binding protein 
calsequestrin was also found to be normal in MHS pigs (White, 
personal canmunication) and dantrolene sodium was found to have no 
effect on Ca2+- ATPase activity, Ca2+ release (White et al., 1983) or 
Ca2+ uptake (White and Denborough, 1984). Clearly, SR function 
represents one of the most controversial areas of MH research. These 
studies are therefore discussed in more detail in chapter 4, in 
conjunction with the results of experiments carried out in the 
present investigation.
Similarly, examination of mitochondria fron MHS muscle has failed 
to establish a link between mitochondrial dysfunction and MH 
(Gronert, 1980). The same reasons of variable technique and 
terminology discussed in relation to SR function and MH may also be 
relevent (Gronert, 1980). Increased mitochondrial respiratory 
function in MHS pigs has been reported by some groups (Britt et al., 
1975) but has been found to be decreased by others (Berman and Kench 
, 1973; Brooks and Cassens, 1973; Cheah and Cheah, 1978; Eikelenbocm 
and Van den Bergh, 1973; Gronert and Heffron, 1979). Decreased Ca2+ 
uptake capacity has also been reported for MHS mitochondria (Britt et
O  Ial., 1975b), as has increased mitochondrial Ca efflux (Cheah and 
Cheah, 1978, 1979, 1981). However, reduced mitochondrial respiration 
is also found with muscular dystrophy (Peter and Worsfold, 1969) and 
dystrophy induced by vitamin E (Mason, 1973). Therefore, 
determination of mitochondrial function cannot be used as a specific 
index for MH.
While most aspects of skeletal muscle have been implicated in MH, 
no specific contractile protein abnormalitites have been found which 
predispose to MH. While differences in myosin activity have been 
reported (Park et al., 1975), these are more likely to be the effect
22
rather than the cause of MH (Kang et al., 1978). Furthermore, Lorkin 
and Lehman (1983a) failed to find any difference in the 
elctrophoretic mobility of actin, tropomyosin, troponin or myosin
O  lfrcm MHS and normal porcine muscle or the Ca^ binding properties of
troponin-C (Lorkin and Lehman, 1983b). The response of MHS
9 -4-contractile proteins to Ca have also been shewn to be normal (Wood 
et al., 1979).
The search for the structural site of an abnormality which 
predisposes to MH has also involved the investigation of various
muscle enzymes and proteins.
Halothane was shewn to specifically bind adenylate kinase, (AK)
(Sachsenheimer et al., 1977). Since this enzyme plays an important 
role in maintaining cellular levels of ATP,
AK
2ADP<------------- > AMP + ATP
a deficiency of AK relating to MH was suggested (Schmitt et al., 
1974). Hcwever, although a deficiency of AK was reported in one MHS 
family (Schmitt et al., 1974), other studies failed to show any 
abnormality in this enzyme in MHS humans (Cerri et al., 1981) or pigs 
(Marjanen and Denborough, 1982a; Marjanen et al., 1983). Furthermore, 
although halothane was shewn to decrease AK activity, the extent of 
this was the same in both MHS and control pigs (Marjanen and 
Denborough, 1982b).
Adenylate cyclase (AC), which forms cyclic AMP (cAMP) frcm ATP , 
mediates extracellular stimuli and cAMP has been shewn to stimulate 
SR Ca transport (Kirchberger and Tada, 1976). Therefore, an 
abnormality in AC activity in MH has been suggested (Willner et al., 
1981). While increased AC activity has been found in some MHS human 
muscle (Willner et al., 1981; Ellis et al., 1984) and MHS human
plasma (Stanec and Stefano, 1984), AC activity in MHS pigs has been 
found to be within the normal range (Ono et al., 1978). Although 
these studies may reflect a difference between human and porcine MH, 
they remain to be substantiated by further studies. In view of this, 
the role of AC in skeletal muscle and MH is further discussed in 
chapter 5 in conjunction with the results from experiments on AC in 
MH in humans and in swine.
Since cAMP stimulates phosphorylase kinase to convert
phosphorylase b (inactive) to phosphorylase a (active), levels of 
myophosphorylase in survivors of MH attacks and their relatives have 
been examined. Activation of phosphorylase a would increase the rate 
of glycolysis and, therefore, contribute to the lactic acidosis and 
heat production associated with MH (Britt, 1979). Myophosphorylase a 
levels were found to be elevated in survivors of MH attacks and their 
relatives (Wiliner et al., 1980). However, other studies failed to 
shew any difference between control and MHS human myophosphorylase a 
levels (Traynor et al., 1983). The reasons for this discrepancy are 
unclear but may be related to the choice of controls (Traynor et al., 
1983; Willner, 1984) or variations in the identification of 
susceptibility to MH (Willner, 1984; Gronert and Van Dyke, 1984).
The Ca^ binding protein , calmodulin, was also investigated. 
While various calmodulin antagonists were found to increase control
9 -4-and MHS skeletal muscle contractility "in vitro" and alter SR Ca 
transport (Collins, 1984), the structure and activity of MHS porcine 
calmodulin was indistinguishable fron that of control porcine 
calmodulin (Marjanen et al., 1983b; Collins, 1984).
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ECTTA extracts of muscle showed identical 2-dimensional
electrophoretic patterns of CPK, enolase, aldolase and 
glyceraldehyde-3-phosphate dehydrogenase and other unidentified 
glycolytic enzymes (Lorkin and Lehman, 1983a) . Gel patterns of MHS 
and control porcine muscle were also found to be similar by other 
studies (Sullivan and Denborough, 1982 ; Marjanen and Denborough,
1983). However, the gel patterns of muscle extracts fron a pig which 
died as a result of halothane exposure, shoved almost complete 
absence of glyceraldehyde-3-phosphate dehydrogenase and reduced
enolase content (Lorkin and Lehman, 1983a). Such changes on exposure
2+to halothane were suggested to be due to a Ca activated protease, 
thus diverting more fructose,1,6 diphosphate into a futile cycle of 
production and hydrolysis (Lorkin and Lehman, 1983a). Such a 
mechanism has been proposed for the heat production found in MH
(Clark et al., 1973).
Catecholamines stimulate AC activity and, therefore, may
contribute to heat production via activation of phosphorylase and 
glycolysis (Britt, 1979). Furthermore, catecholamine release frcm the
O xadrenal glands has been shown to be a Ca^ dependent process (Douglas 
and Rubin, 1963). Therefore, a prolonged MH episode may be 
maintained by Ca leakage frcm the muscle cell, stimulating 
catecholamine release and further heat production. The demonstration 
that increased circulating catecholamines are associated with an MH 
episode (Gronert and Theye, 1976a,b; Lister et al., 1974; Lucke et 
al., 1976; Van den Hende et al., 1976; Hall et al., 1977) confirmed 
the importance of catecholamines in MH. Furthermore, oxytocin, which 
is antagonised by catecholamines, has been found to prevent the 
development of PSEP and anaesthetic induced MH in pigs (Spencer et 
al., 1981).
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These studies clearly indicate the diversity of aspects of 
skeletal muscle function which have been investigated in relation to 
MH. Hcwever, many investigations have produced negative or 
controversial results and so the molecular abnormality which 
predisposes to MH remains to be defined.
1.4 SUMMARY.
MH is a potentially fatal ccmplication of general anaesthesia, 
but may also be induced by stress in pigs and non-anaesthetic 
triggers in humans. MH in pigs is believed to be the 
anaesthetic-induced manifestation of the porcine stress syndrcme. The 
evidence favouring a skeletal muscle abnormality in MH has been 
obtained fron both humans and pigs. While skeletal muscle has been 
the focus of MH research for many years, a basic abnormality in 
skeletal muscle remains to be defined. It has been suggested that MH 
may be due to a generalised membrane defect (Gronert, 1980). In 
skeletal muscle, the abnormality appears to be post-synaptic (Nelson 
et al., 1983) and prior to contractile protein activation (Wood et 
al., 1979). Therefore, the events involved in E-C coupling have been 
implicated in MH.
1.5 AIMS.
The aim of this work was to use a combined pharmacological and 
biochemical approach to investigate and define a molecular defect which 
predisposes to the MH condition. As the nin vitro" contraction response 
of MHS skeletal muscle tovarious agents represents the only consistent
i
definition of such muscle "in vitro", this characteristic was 
utilised extensively in this investigation. Biochemical studies were 
designed with the specific intention of complementing the 
pharmacological studies directly. While the initial aim of the work .A. 
was to investigate the adenylate cyclase (AC) system and to clarify 
the contradictory information in the literature concerning this 
system in MH, a flexible approach was employed which resulted in • 
investigations which were determined by the results obtained. As a 
result, this work can be arbitrarily divided into two inter-related 
sections.
While the "in vitro" contraction testing of skeletal muscle
is a simple yet powerful technique, considerable variation in results
can be produced by the use of different muscle types and sources as
controls. Such variations are also 'found in results from biochemical
2+investigations, particularly in relation to Ca -transport studies. 
Consequently, the first section (chapters. 2-4) represents a detailed 
pharmacological and biochemical characterisation of control and MHS 
skeletal muscle, with the particular, aim of defining the behaviour of 
the muscle used in subsequent investigations. Furthermore, within this 
section, certain observations were made concerning the influence of 
oxytocin on skeletal muscle, which were further investigated in the 
relevent chapters of the section. The results obtained from this 
section, while relevent to MH in their own right, have direct bearing 
on the interpretation of results obtained in the second section.
i The second section (chapters 5-7) comprises a description 
of a detailed investigation into the molecular defect in MHS muscle. 
Consistent With the initial aims, the AC system was examined by 
pharmacological and biochemical means in both control and MHS skeletal 
muscle. Since the cellular response to AC activation is dependent on 
activation of cyclic nucleotide-dependent protein kinases, an . 
investigation of the protein phosphorylation mechanisms in FSR was 
also carried out. As a result-of the flexible approach adopted, 
many of the experiments were designed around results obtained in 
earlier experiments. Consequently, a more detailed and applied study 
of FSR protein phosphorylation was carried out. In order to place into 
context the results obtained throughout this work, a summary chapter 
is included.
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CHAPTER 2
THE DIAGNOSIS OF SUSCEPTIBILITY TO MALIGNANT HYPERPYREXIA.
2.1 INTRODUCTION.
The routine screening procedure for MH susceptibility in humans 
has been discussed in chapter 1. In our laboratory, control samples 
of muscle are obtained from patients undergoing surgery for 
complaints other than muscular disorders. Particular examples include 
paraspinalis frcm patients suffering fron scoliotic curvature of 
the spine, quadriceps frcm patients having orthopaedic surgery and 
rectus abdcminis frcm various abdominal procedures, including 
caesarian section.
However, different muscles may have different properties and 
distribution of fibre type frcm the vastus lateralis muscle used for 
the diagnosis of MH susceptibility ( Brownell and Szabo, 1982). 
Control samples other than vastus lateralis cannot necessarily be 
considered suitable for comparison with MHS vastus lateralis muscle 
(Ellis, 1984) and may react differently to the drugs used in the 
diagnosis of MH susceptibility (Nelson and Schochet, 1982). For 
exanple, Brownell and Szabo (1982) have found that muscles 
predominant in type I fibres contract in response to lower caffeine 
concentrations than muscles with a high proportion of type II fibres. 
It has also been suggested that MH is a disease of a specific muscle 
fibre type (Nelson and Schochet, 1982).
It should be noted that donors of control muscle may be 
undergoing drug treatment for their particular condition. These drugs 
may interfere with the diagnostic and experimental procedures and 
must, therefore, be taken into account. Collins (1984) found that
certain anti-psychotic drugs caused control and MHS muscle to 
contract "in vitro". Contractions induced by the diagnostic reagents 
were also higher in the presence of these drugs. Furthermore, 
caesarian section patients are routinely administered Syntocinon (a 
synthetic preparation of oxytocin, containing Chlorbutol 
(1,1,l-trichloro-2-methyl-2-propanol) as preservative) and Spencer 
et al. (1981) found that high doses of oxytocin prevented the
development of PSE meat and anaesthetic induced MH in pigs " in vivo".
This chapter describes experiments carried out to assess the 
suitability of rectus abdcminis from various operations, particularly 
caesarian section, as control muscle. The contraction responses of
rectus abdcminis to the diagnostic reagents, 3% halothane, 2mM 
caffeine, ImM Anectine and 80mM KC1 were determined. Rectus abdcminis 
was obtained frcm caesarian section before and after the
administration of Syntocinon in order to determine the effect of
Syntocinon on the contractility of the muscle. The "in vitro" effect 
of Syntocinon on the contractile responses of rectus abdcminis frcm 
caesarian sections was also examined. Mean contractions obtained in 
response to the four diagnostic reagents frcm rectus abdcminis frcm 
all sources were ccmpared with each other and those of MH-negative 
(MHN) and MHS vastus lateralis. The contractile responses of rectus 
abdcminis frcm control and MHS pigs were also determined and ccmpared 
with the responses of the gracilis muscle frcm the same animal. 
Caffeine dose response curves were also constructed for all muscle 
samples.
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2.2 METHODS.
2.2.1 Sources of hunan mascle.
Rectus abdcminis was obtained frcm patients undergoing caesarian 
section. Anaesthesia was predominantly epidural block although 
general anaesthesia using Anectine and halothane was used on 
occasion.
Rectus abdcminis was also obtained frcm patients undergoing 
cholecystectomy operations using the following anaesthesia:
Patient Sex Anaesthetic Agents.
V.R. F N^O, Halothane, Sodium Pentothal.
E.R. F Sodium Pentothal, Scoline, Tubocurare 
Fentynal.
M.H. M Azophoren, Scoline, Fentyna1, 
Methohexitone.
B.B. F Tubarine, N2o, Halothane.
F.V. F Tubarine, No, Halothane.
P.G. F Tubarine, N2o, Halothane.
All vastus lateralis was obtained frcm patients undergoing elective 
muscle biopsies for diagnosis of susceptibility to MH. General 
anaesthesia comprising N^O and sodium pentothal was used. 
Susceptibility of human muscle to MH was determined by the "in vitro"
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muscle contraction test of the vastus lateralis muscle. The 
contraction responses used by this laboratory over a period of 10 
years to distinguish between MH-negative and MHS samples are:
REAGENT MH-susceptible
(MHS)
(9)
MH-negative. 
(MHN)
(g)
3% Halothane 1.22 +/- 0.16 0.10 +/- 0.01
(n=225) (n=234)
2mM Caffeine 0.55 +/- 0.05 0.03 +/" 0.01
(n=207) (n=214)
ImM Anectine 0.39 +/- 0.05 0.05 +/- 0.01
(n=l54) (n=162)
80mM KC1 1.06 +/- 0.14 0.13 +/- 0.02
(n=172) (n=179)
In the present investigation, any patient whose muscle produced 
contraction responses to 3% halothane and 2mM caffeine which were 
outside the normal range above (MH-negative), was define as MHS. Any 
muscle which produced MHS contractions to only one of these reagents 
was not used. Abnormal contraction responses to Anectine or KC1 alone 
were not taken as indicative of susceptibility to MH (Gallcway, 
1982). Consequently, some MHN contraction responses for these 
reagents were equivalent to MHS values. Hcwever, this rarely occurred 
and the degree of overlap was small.
2.2.2 Experimental Animals.
Pigs susceptible to MH were bred frcm crosses of MH susceptible 
Landrace and Large White breeds. Animals used as controls were either 
siblings of MHS pigs or unrelated animals. MH-negative (MHN) siblings 
of MHS pigs were defined as pigs whose gracilis muscle produced 
contraction responses within the normal range defined by Okumura et
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al., (1979). This normal range was determined by "in vitro" 
contraction testing of the muscle and confirmed by "in vivo" 
halothane challenge (Okumura et al., 1979). Only pigs which gave 
unequivocal results were used. Therefore, the degree of overlap 
between MHN and MHS pigs in relation to contraction responses was 
minimal, as indicated by the small standard errors of the mean. 
Control animals were ccmmercially purchased, unrelated animals. All 
animals were housed under identical conditions at the Animal Breeding 
Establishment of the JCSMR.
2.2.3 Animal Anaesthesia.
Pigs were premedicated with the neurolept, stresnil, (4-fluor-4-( 
4-(2-pyridyl)-l-piperazinyl)-butyrcphenone) by intramuscular 
injection of approximately 2mg/kg body weight. General anaesthesia 
was induced by intravenous injection of thiopentone (sodium 
pentothal) at a concentration of 6-8mg/kg body weight and maintained 
with 66% nitrous oxide in oxygen by means of endotracheal intubation 
and thiopentone when required.
2.2.4 Surgical Techniques.
Under anaesthesia, the appropriate muscle was exposed and biopsy 
samples measuring 4cm X 1cm X 0.5cm were clamped under resting 
tension and dissected frcm the muscle layer. The biopsy samples were 
immediately placed in muscle buffer (Ringer) maintained at 37°c and 
pH 7.4. The muscle buffer was continuously bubbled with 5% carbon 
dioxide in oxygen (carbogen) and was composed of 121mM NaCl, 5.4nnM 
KC1, 2.5mM CaCl2 ,1.2mM MgSC>4 ,1.2mM NaH2PC>4 , 15mM NaH03 , 11.5mM 
d-glucose. Using these conditions the integrity of the muscle 
preparations was retained for up to eight hours.
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2.2.5 Organ Bath Pharmacology.
All pharmacological experiments were carried out using the same 
organ bath preparation and instrumentation . The biopsy samples were 
dissected under resting tension into small fibre bundles 2.5cm in 
length and 2nm in diameter. A small platinum ring was secured to each 
end using silk thread. Each muscle strip was suspended vertically in 
an organ bath containing 25mls of the muscle buffer at 37°C and pH 
7.4. The bottcm end of the muscle strip was secured to a fixed glass 
rod while the top end was attached to a Watson Victor Force 
Transducer. Contractile movement of the muscle strip was detected by 
vertical movement of the force transducer, amplified by a San-EI 6M51 
strain amplifier and recorded graphically on a Perkin-Elmer 56 chart 
recorder. Prior to this, the whole system was calibrated using a 5g 
weight attached to the force transducer so that contractile movement 
of the muscle was represented as "grams tension".
Initial resting tension of the muscle was set at 1.0-1.5g and 
muscle viability was confirmed using several 30V electrical stimuli. 
Muscle preparations which did not produce a twitch response 
equivalent to 0.75g or more were rejected. Once muscle integrity was 
confirmed, the muscle preparation was allcwed to equilibrate to a 
resting baseline tension of approximately 1.5g. No pharmacological 
experiment was started until a stable baseline tension was obtained.
Where appropriate, drugs and chemicals were dissolved in muscle 
buffer and added directly into the organ bath. This was always the 
case for the diagnostic drugs, caffeine (lOOmM stock) and KC1 (4M 
stock). When used, thymol-free halothane was administered by passing 
carbogen through a Dragewick halothane vapouriser. The only 
preparation of succinylcholine used in this investigation was 
Anectine, supplied by Wellccme. Syntocinon (Sandoz) was added
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directly to the organ bath frcm ampoules containing 10 IU/ml 
synthetic oxytocin and 0. 5% chlorbutol.
2.2.6 Statistical Methods.
Students t-test was used throughout this investigation as a test 
of significance. A paired t-test was used where appropriate.
2.3 RESULTS.
The typical contraction responses of control and MHS vastus 
lateralis to 3% halothane, 2mM caffeine, ImM Anectine and 80mM KC1 
are shown in figure 2.1. Mean contractions obtained frcm several
human patients are shown in figure 2.2. While MHN muscle did not 
significantly contract in response to the four reagents, MHS muscle 
characteristically contracted as shewn. Monophasic contractions in 
response to 3% halothane and 2mM caffeine gradually returned to 
baseline tension (20 minutes) after reaching a plateau, as shewn. 
Contraction responses to IrrM Anectine were typically biphasic. Mean 
values shewn in figure 2.2 represent the maximum tension attained by 
the second phase. In response to 80mM KC1, MHS muscle rapidly 
contracted and relaxed over a short period of time (3 minutes), as 
shewn.
The mean contraction responses of rectus abdeminis muscle 
obtained frcm patients undergoing caesarian section (hereafter 
referred to as caesar rectus abdeminis) are shown in figure 2.2. In 
response to 3% halothane (figure 2.2a), 2mM caffeine (figure 2.2b), 
lirM Anectine (figure 2.2c) and 80mM KC1 (figure 2.2d), mean 
contractions were elevated and were significantly higher than the 
contraction responses of MH-negative vastus lateralis (table 2.1). 
Mean contractions of caesar rectus abdeminis were not significantly
Figure 2.1 Typical Contraction Responses of Control and MHS Human 
Skeletal Muscle Fibres to the Diagnostic Reagents.
MHS (upper trace) and control (lcwer trace) human vastus lateralis was 
exposed to 3% halothane, 80mM KC1, ImM Anectine or 0.5mM - 4mM caffeine. 
Drugs were added directly into the organ bath at the indicated point (A) . 
Where shewn, concentrations represent the final concentrations in the
organ bath.
1 mM ANECTINE
CO NTROL
MHS
CO NTROL
CAFFE INE
2mM 4mM1 mM
5 mins.
0.
5g
Figure 2.2 Comparison of Contraction Responses 
of Different Human Muscles.
Different human muscles were exposed to (a) 3% halothane, (b) 2mM
caffeine (c) ImM Anectine and (d) 80rrM KC1 .
Each column represents the mean contraction (g) +/- S.E.M. for each
muscle as follows:
I = MH-negative human vastus lateralis (n = 99).
II = MHS human vastus lateralis (n = 88).
Ill = Caesar rectus abdcminis, obtained before the 
administration of syntocinon (n = 9).
IV = Caesar rectus abdcminis, obtained after the 
administration of syntocinon (n = 43).
V = IV + 0.2 IU/ml of syntocinon added to
the organ bath (n = 11).
VI = Non-caesar rectus abdcminis (n = 6).
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different frcrn MHS vastus lateralis (table 2.1).
Most caesar rectus abdcminis was obtained after the 
administration of Syntocinon. Hcwever, in a number of samples 
obtained before the administration of Syntocinon, mean contractions 
in response to the four reagents were not significantly different 
frcm those of muscle obtained after the administration of Syntocinon 
(figure 2.2, table 2.1). The effect of Syntocinon was examined 
further "in vitro". Caesar rectus abdcminis muscle strips were 
pre-treated for 5 minutes with 0.2IU/ml Syntocinon and then exposed 
to the appropriate reagent. Alternatively, Syntocinon was added after 
a drug induced contraction had levelled out to a maximum plateau. The 
representative diagram (figure 2.3), shews that at the concentration 
used ( 0.2 IU/ml) Syntocinon reversed drug induced contractions in 
caesar rectus abdcminis. The same concentration of Syntocinon was 
equally effective in preventing the drug induced contractions (2.3). 
The contractions obtained by pre- and post-treatment with Syntocinon 
were analysed collectively and mean contractions are shewn in figure 
2.2 (a,b &c) . These contraction responses were significantly less 
than those in the absence of Syntocinon and not significantly 
different frcm an MH-negative response (table 2.1).
When rectus abdcminis frcm other sources (non-caesar rectus 
abdcminis) was examined, no significant drug induced contractions 
were obtained (figure 2.2). Contractile responses to 3% halothane, 
2mM caffeine, IrrM Anectine and 30mM KC1 were all significantly lewer 
than those of caesar rectus abdcminis and not significantly different 
frcm MHN vastus lateralis (table 2.1). The contraction responses of 
non-caesar rectus abdcminis induced by increasing concentrations of 
caffeine were also examined and ccmpared with MHN and MHS vastus 
lateralis. The dose response curve (figure 2.4) shews that at 4mM
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Table 2.1 Comparison of Contractions in Vastus lateralis 
and Rectus Abdcminis From Humans.
COMPARISON P VALUE
3% halothane 2mM caffeine ImM Anectine BOmM KC1
Caesar RA
Before/after SYN n.s. n.s. n.s. n.s.
Caesar RA / 
Non-Caesar RA <0.001 <0.001 <0.001 <0.001
Caesar RA / 
MHS VL n.s. n.s. n.s. n.s.
Caesar RA / 
MHN VL <0.001 <0.001 <0.001 <0.001
Non-Caesar RA / 
MHS VL <0.001 <0.001 <0.001 n.s.
NON-Caesar RA / 
MHN VL n.s. n.s. n.s. n.s.
Caesar RA / 
Caesar RA + SYN <0.001 <0.001 <0.001
All p values were calculated using Students T-test. 
RA = Rectus Abdominis 
VL = Vastus Lateralis 
SYN = Syntocinon.
Figure 2.3 Typical Contraction Responses of Caesar Rectus 
Abdcminis in the presence of Syntocinon.
Skeletal muscle fibres were either pretreated with 0.2 IU/ml syntocinon 
for 5 minutes and then exposed to the diagnostic reagent (lower trace) or 
syntocinon was added after a contraction had reached a maximum plateau 
(upper trace). The time of addition of the diagnostic reagent is 
indicated (A)
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Halothane Syntocinon
ImM ANECTINE
Anectine Syntocinon
▲
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▲
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▲
Anectine
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80mM KCI
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▲
Syntocinon
▲
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±  A,
Syntocinon 80mM KCI
0.
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Figure 2.4 Contraction Responses of Human
Skeletal Muscle Fibres to Caffeine.
Human skeletal muscle fibres were exposed to increasing 
concentrations of caffeine in the range 0 - 8mM (final concentration in 
the organ bath) . Each point represents the mean contraction (g) +/-
S.E.M. for each muscle as follows:
#  = MHS Vastus Lateralis (n = 49).
■ = MHN Vastus Lateralis (n = 78).
A  = Control Rectus Abdcminis (n = 10).
= P<0.001 for comparison between MHS and MHN.
There was no significant difference between MHN vastus lateralis and
control rectus abdcminis.
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caffeine, contractions induced in non-caesar rectus abdcminis were 
not significantly different frcm those of MHN vastus lateralis and 
significantly lcwer than those of MHS vastus lateralis. There was no 
significant difference between non-caesar rectus abdcminis and MHN or 
MHS vastus lateralis in relation to 8mM caffeine-induced 
contractions, although the mean MHS contraction was significantly 
lower than that of MHN (p<0.05).
Different muscle types were also examined in the pig. The 
contraction responses to the four reagents differentiated between MHS 
and MHN or control pigs (figure 2.5). Mean contractions obtained frcm 
control or MHN gracilis were significantly lcwer than those obtained 
using MHS gracilis (table 2.2). It was also found that while control 
rectus abdcminis did not contract in response to the four reagents, 
MHN rectus abdcminis produced contractions which were characteristic 
of MHS muscle (figure 2.5). The mean contraction responses of MHN 
rectus abdcminis were significantly higher than MHN gracilis and 
equivalent to or higher than (in the case of caffeine and KC1) those 
of MHS gracilis (table 2.2). Mean contraction responses of MHN rectus 
abdcminis were also significantly higher than those of control rectus 
abdcminis. Control rectus abdcminis contractions were not 
significantly different frcm MHN or control gracilis (table 2.2). 
Furthermore, contraction responses of MHS rectus abdcminis were 
significantly greater than those of MHS gracilis (with the exception 
of KC1) and produced the greatest mean contractions (figure 2.5 and 
table 2.2).
Finally, caffeine dose response curves were also constructed for 
pig muscle samples. Rectus abdcminis frcm MHS and MHN pigs produced 
the highest contraction responses to all concentrations of caffeine 
(figure 2.6). There was no significant difference between MHS and MHN
Figure 2.5 Contraction Responses of Porcine Skeletal Muscle
to the Diagnostic Reagents.
Porcine gracilis or rectus abdcminis frcm various sources was exposed to 
(a) 3% halothane (b) 2mM caffeine (c) InnM Anectine (c) or (d) 80mM KC1 . 
Each column represents the mean contraction (g) obtained +/- S.E.M. for
each muscle type as follcws :
I = Control gracilis (n = 7).
II = MHN gracilis (n = 10)
III = MHS gracilis (n = 9).
IV = Control rectus abdcminis (n = 7). 
V = MHN rectus abdcminis (n = 10).
VI = MHS rectus abdcminis (n = 9).
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Table 2.2 Ccrnparison of Contractions in Porcine 
Gracilis and Rectus Abdominis.
COMPARISON P VALUE
3% halothane 2nM caffeine InnM Anectine 80mM KC1
MHN gracilis 
MHS gracilis
/
<0.0001 <0.001 <0.006 <0.001
MHN gracilis 
MHN RA
/
<0.0001 <0.0001 <0.020 <0.030
MHN gracilis 
Control RA
/
n.s. n.s. n.s. n.s.
Control gracilis/ 
Control RA n.s. n. s. n.s. n.s.
Control RA / 
MHN <0.001 <0.005 n.s. <0.04
MHS gracilis 
MHS RA
/
<0.003 <0.003 <0.030 n.s.
MHS gracilis 
MHN RA
/
n.s. <0.040 n.s. <0.009
MHS gracilis 
Control RA
/
<0.0001 <0.001 <0.005 <0.001
All p values were calculated using Students T-test. 
RA = Rectus Abdaninis
Figure 2.6 Contraction responses of Porcine
Skeletal Muscle fibres to Caffeine.
Porcine skeletal muscle fibres were exposed to increasing concentrations 
of caffeine in the range 0 - 8mM (final conentration in the organ bath). 
Each point represents the mean contraction (g) +/- S.E.M. for each
muscle type as follows :
A  = Control gracilis (n = 5).
□  = MHN gracilis (n = 10).
O = MHS gracilis (n = 8).
▲  = Control rectus abdcminis (n = 5).
■  = MHN rectus abdcminis (n = 9).
#  = MHS rectus abdcminis (n = 9).
NB For 8mM caffeine the number of samples of rectus abdcminis is only 3, 
resulting in large standard errors of the mean.
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Table 2.3 Caffeine Concentration Required to produce a
Characteristic MHS contraction in Porcine Muscle.
Muscle Type mM Caffeine
MHS rectus abdcminis 0.5
MHN rectus abdcminis 1.35
Control rectus abdcminis 2.8
MHS gracilis 2.0
MHN gracilis 3.6
Control gracilis 8.85
The contraction produced by MHS gracilis at 2mM caffeine was taken as 
reference and the caffeine concentration required to produce the same 
contraction was extrapolated fron the caffeine dose respones curve 
(figure 2.6) for each muscle type.
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rectus abdcminis at 4 and 8mM caffeine. Rectus abdcminis fron MHS 
pigs also had the lowest caffeine concentration threshold at Which a 
contraction was induced. Using the contraction response to 2mM 
caffeine (0.32g, figure 2.6) for MHS gracilis as reference, the 
concentrations of caffeine required to produce a typical MHS response 
was determined fron figure 2.6 for each muscle type. The results are 
shewn in table 2.3. MHS and MHN rectus abdcminis both produced 
contractions of 0.32g in response to lewer caffeine concentrations 
than MHS gracilis (0.5mM and 1.35 mM respectively), while control 
rectus abdcminis required a concentration of 2.8mM caffeine to 
produce the same contraction. Furthermore, control gracilis muscle 
required a much higher concentration of caffeine than MHNT gracilis 
muscle (8.85mM compared with 3.6mM) to produce the same contraction.
2.4 DISCUSSION.
The results in this chapter shew quite clearly that caesar rectus 
abdcminis is not suitable as control muscle for the investigation of 
MH. It is also unsuitable for the diagnosis of MH susceptibility. 
Contractile responses to the four diagnostic reagents were clearly 
abnormal and equivalent to MHS responses. Furthermore, these 
contraction responses were different frem those of non-caesar rectus 
abdcminis, which produced typical MH-negative responses. This 
suggests that some peculiarity of the patients' condition or 
treatment resulted in the abnormal responses observed with caesar 
rectus abdcminis.
Caesarian section patients are routinely administered Syntocinon 
after delivery of the baby. While oxytocin increases the frequency 
and amplitude of uterine contractions (Milenov, 1976) it also reduces 
contraction responses in the stomach, ureter and vas deferens (Beneit
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et al., 1980). Thus, as the effects of oxytocin are diverse, it may 
also act on skeletal muscle. However, when muscle was obtained before 
the administration of Syntocinon, mean contractions were not 
significantly different when compared with those of muscle obtained 
after the administration of Syntocinon. Furthermore, the results 
obtained fron using Syntocinon "in vitro" shewed that Syntocinon 
prevented and reversed the MHS characteristic contractions. It is, 
therefore, concluded that Syntocinon was not directly responsible for 
the abnormal contraction responses of caesar rectus abdominis. (The 
skeletal muscle relaxant properties of Syntocinon are further 
investigated in chapter 3). However, it is possible that the 
influence of other hormones may account for the abnormal contraction 
responses of caesar rectus abdominis. In smooth muscle, progesterone 
has been shewn to promote calcium uptake by the sarcoplasmic 
reticulum (Carsten,1979). Oestrogen is also involved in the
regulation of cellular calcium by stimulating the synthesis of 
prostaglandin (Naylor et al., 1975). It has been suggested that
the action of these hormones is through regulation of protein kinase 
activity (Huszar and Roberts, 1982), which is also found in skeletal 
muscle (Campbell and Shamoo, 1980). It is, therefore, possible that 
the oestrogen/progesterone ratio, which changes during pregnancy 
(Huszar and Roberts, 1982), and/or other hormones, have seme 
influence on skeletal muscle contractility. Although no such studies 
were undertaken in the present investigation, it is possible that the 
abnormal contraction responses observed in caesar rectus abdominis 
are due to same hormone influence associated with pregnancy. 
Alternatively, the prolonged period of stretching may alter the 
contractility of rectus abdominis, although no information concerning
this is available.
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Non-caesar rectus abdaninis did not contract in response to 3% 
halothane, 2mM caffeine, Inti Anectine or 80mM KC1. Furthermore, 
contractions in response to high caffeine concentrations were not 
significantly different frcm those of MHN vastus lateralis. These 
results are in agreement with other investigators who have used 
rectus abdaninis as control tissue in humans (Moulds and Denborough, 
1974b; Moulds, 1974; Nelson et al., 1977; Gallcway, 1982) 
Therefore, with careful attention to the source, rectus abdcminis may 
be used for the diagnosis of MH in humans. However, Ellis (1984) 
suggests that a tonic muscle such as rectus abdaninis cannot be used 
as a control for a fast twitch muscle. Furthermore, the protocol 
established by the European Malignant Hyperpyrexia group (1984) for 
the investigation of MH states that only the quadriceps muscle should 
be used.
Contractions induced in non-caesar rectus abdaninis by the 
diagnostic reagents and at high caffeine concentrations were not 
significantly different fron those induced in MHN vastus lateralis. 
Hcwever, the results in this chapter did shew that porcine rectus 
abdaninis fron control, MHN and MHS animals had a higher contraction 
response to caffeine than the corresponding gracilis muscle. MHS and 
MEIN rectus abdaninis also had higher contraction responses to 3% 
halothane, lrriM Anectine and 80mM KC1 than MHS and MHN gracilis 
respectively.
Human rectus abdaninis has been used as control muscle on the 
basis that it does not contract in response to 3% halothane, 2mM 
caffeine, ImM Anectine and 80mM KC1 (Nelson and Denborough 1974; 
Gallcway, 1982) and has a similar histochemical profile to vastus 
lateralis (Gallcway, 1982). Hcwever, it has been suggested that 
porcine rectus abdaninis has a greater proportion of type I fibres
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than gracilis (Hopkinson and Denborough, personal communication). 
Nelson and Schocket (1982) have also found that porcine muscles with 
a greater proportion of type I fibres than gracilis have different 
drug sensitivities. While control trapezius muscle did not contract 
in response to 1% halothane, contractions at 4,8 and 16mM caffeine 
were greater than those of control gracilis. Furthermore, MHS 
trapezius had higher contractions in response to 1% halothane and 0.5 
- 16mM caffeine than MHS gracilis. Although these studies and the 
results described in this chapter might suggest that porcine MH is a 
function of type I fibres (Nelson and Schocket, 1982), further 
investigation is necessary.
In this study a clear distinction was found between the 
contraction responses of porcine MHS, MHN and control rectus 
abdcminis to the diagnostic reagents. Only rectus abdominis from 
unrelated controls did not contract in response to the diagnostic 
reagents. MHN rectus abdominis produced contractions equivalent to 
characteristic MHS contractions for gracilis. MHS rectus abdominis 
also contracted in response to the diagnostic reagents producing 
contractions higher than MHS gracilis. While the reasons for this 
hypersensitivity of MHN rectus abdominis to the diagnostic reagents 
is unkncwn, it is clear that rectus abdominis muscle cannot be used 
for the diagnosis of porcine MH. Although it is possible that this 
may also apply to human MH, no MHN human rectus abdominis was 
available for study.
Caffeine dose response curves clearly distinguished between 
control, MHN and MHS pigs using gracilis muscle as well as rectus 
abdominis. The concentration of caffeine required to produce an MHS 
response was significantly lcwer in MHN gracilis and rectus
abdominis than control gracilis and rectus abdcminis. Although MHN
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and control pigs were not susceptible to MH as defined in this 
present investigation, they were clearly different in relation to 
their sensitivity to caffeine. It can, therefore, be concluded that 
sane tests using caffeine dose response curves alone (Kalcw etal., 
1977) are insufficient for a clear diagnosis of MH and may result in 
sane false positive results. A multifactorial test using several 
different diagnostic reagents, such as that used in this laboratory, 
is recanmended.
2.5 SUMMARY.
Human caesar rectus abdominis muscle contracted abnormally in 
response to the diagnostic reagents while rectus abdominis from other 
sources did not. The hypercontractility of caesar rectus abdominis 
was not due to the "in vivo" action of Syntocinon. Syntocinon 
reversed and prevented drug-induced contractions in caesar rectus 
abdominis and MHS porcine gracilis "in vitro".
Porcine rectus abdominis was more sensitive to the diagnostic 
reagents than porcine gracilis. Rectus abdominis from MHN pigs 
produced contraction responses which were equivalent to those of MHS 
muscle. Furthermore porcine gracilis from MHN pigs required a lcwer 
concentration of caffeine than gracilis from control pigs to produce
a characteristic MHS contraction.
49
CHAPTER 3
OXYTOCIN AND SKELETAL MUSCLE CONTRACTILITY.
3.1 INTRODUCTION.
The characteristic contraction responses of MHS human skeletal 
muscle to halothane, caffeine, Anectine and potassium chloride, "in 
vitro", (chapter 2) can also be induced in muscle biopsied frcm pigs 
susceptible to the porcine stress syndrcme (Okumura et al., 1979). 
This stress-induced condition occurs in animals which are susceptible 
to anaesthetic-induced MH. Furthermore, it was indicated in chapter 1 
that stress may be a precipitating factor in the development of MH 
in man.
While oxytocin release from the pituitary gland is not observed 
during stress (Cross et al., 1952), recent studies have shewn that 
high doses of commercially prepared oxytocin, containing (0.5%) 
chlorbutol as preservative, can prevent the development of pale, 
soft and exudative (PSE) meat and anaesthetic induced MH in pigs "in 
vivo" (Spencer et al., 1981). These studies are of interest in view 
of the results described in chapter 2 which showed that Syntocinon ( 
another synthetic preparation of oxytocin , also containing 
chlorbutol) reversed and prevented abnormal drug induced contractions 
in human skeletal muscle. Furthermore, the same preparation of 
oxytocin has been shown to inhibit contractions induced by 
noradrenalin in isolated vas deferens (Beneit et al., 1980). Although 
these studies might suggest an inter-relationship between MH, stress, 
catecholamines and oxytocin (Spencer et al., 1981), it should be 
noted that various preservatives used in commercial preparations of 
drugs have been shewn to influence skeletal muscle contractility.
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Gallcway (1982) has found that the active pharmacological agent in a 
preparation of succinyl choline (Wellccme) is in fact the 
preservative, 4-chloro-m-cresol. Another preservative, benzyl 
alcohol, was also found to induce contractions in skeletal muscle 
(Galloway, 1982). In addition, Botting et al (1981) have shown that 
chlorbutol is a smooth muscle relaxant and was in fact the active 
agent contained in Syntocinon which reversed catecholamine induced 
contractions in the vas deferens (Beneit et al., 1980).
It was, therefore, important to account for the influence of any 
other additives when using commercial preparations of drugs for 
research purposes. The experiments described in this chapter were 
carried out in order to examine the effect of Syntocinon, chlorbutol 
and preservative- free oxytocin on MHS pig skeletal muscle. The 
contractile responses of MHS pig skeletal muscle to the diagnostic 
reagents "in vitro" were determined in the absence and presence of 
these different preparations. The effect of Syntocinon and chlorbutol 
on MHS human vastus lateralis was also examined in the same way.
3,2 MATERIALS AND METHODS.
Muscle biopsy specimens frcm MHS pigs and MHS human vastus 
lateralis were obtained as described in chapter 2.
Pharmacological testing of the muscle was carried out using the 
organ bath apparatus and techniques also described in chapter 2.
Syntocinon ampoules containing 10 IU/ml synthetic oxytocin and 
0.5% chlorbutol were obtained frcm Sandoz. Chlorbutol and 
preservative-free oxytocin were obtained frcm the Sigma Chemical 
Company and were dissolved in nanopure water at the appropriate
concentrations.
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3.3 RESULTS.
The characteristic contraction responses of MHS pig muscle to the 
four diagnostic reagents were similar to those of MHS vastus
lateralis (chapter 2), as shown in figure 3.1. Control muscle did not 
contract in response to 3% halothane, 2mM caffeine, ImM Anectine or 
80mM KC1.
Syntocinon (0.4 IU/ml) reversed the contractions induced by the 
diagnostic reagents in MHS muscle (figure 3.1). No effect on the 
80mM KC1-induced contraction could be demonstrated since the muscle 
rapidly returns to resting tension (figure 3.1). However, when added 
to the organ bath prior to the addition of KC1, Syntocinon
significantly reduced the magnitude of the 80mM KC1 contraction
(figure 3.1). Syntocinon was also a potent inhibitor of contraction 
responses to 3% halothane, 2mM caffeine and ImM Anectine (figure
3.1). Contraction responses obtained frcm pre and post-treatment with 
Syntocinon were pooled and mean values are shewn in figure 3.2. 
Contraction responses of MHS muscle to 4mM and 8mM caffeine were also 
significantly reduced by Syntocinon as shewn by the dose response 
curves in figure 3.3.
Figure 3.2 also shews the results of experiments carried out 
using 0.4 IU/ml of preservative-free oxytocin. Mean contractions in 
response to the four diagnostic reagents were unaffected by the 
presence of pure oxytocin. Individual experiments using up to 20 
IU/ml preservative free oxytocin also failed to alter the drug 
induced contractions (not shewn).
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Figure 3.1 Typical Effects of Syntocinon and Chlorbutol on
Drug-induced Contractions in MHS Porcine Skeletal Muscle.
MHS gracilis muscle fibres were pre-treated with 0.4IU/ml Syntocinon 
or lrrtM chlorbutol for five minutes and then exposed to the appropriate 
diagnostic reagent (lewer traces). Alternatively, Syntocinon or 
chlorbutol was added after a contraction had reached a maximum plateau 
(upper traces).
The time of addition of each reagent to the organ bath is indicated (^). 
HAL = 3 %  halothane.
CAFF = 2rmM caffeine.
KCL = 80mM potassium chloride.
SYN = 0.4IU/ml Syntocinon (containing l.OraM chlorbutol).
CBL = l.OmM chlorbutol.
Figure 3.2 The Effect of Syntocinon, Oxytocin and Chlorbutol on
Drug-induced Contractions in MHS Porcine Skeletal Muscle.
MHS skeletal muscle fibres were either pre-treated with 0.4TU/ml 
Syntocinon, 0.4lU/ml preservative-free oxytocin or l.OmM chlorbutol and 
then exposed to the appropriate diagnostic reagent, or 
Syntocinon,oxytocin or chlorbutol was added after a contraction had 
reached a maximum plateau.
Each column represents the total mean contraction (g) +/- S.E.M.
I = MHS - No addition (n = 15)
II = 0.4iu/ml Syntocinon (n = 14)
III = l.OmM chlorbutol (n = 15)
IV = 0.4lU/ml preservative-free oxytocin (n = 9)
*** = p<0.001 for ccmparison with MHS - No addition.
* p<0.05
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( a )  3% H a l o t h a n e
( c )  1 mM Anectine
( b)  2 mM C a f f e i n e
(d)  8 0 mM KCI
o 0 . 8
c 0 . 4
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The results obtained using chlorbutol alone at the concentration 
present in Syntocinon were similar to those obtained using 
Syntocinon. Chlorbutol at ImM reversed the contractions due to 
halothane, caffeine and Anectine (figure 3.1). Furthermore, the 
addition of ImM chlorbutol to the organ bath before the addition of 
the diagnostic reagents also abolished the contraction responses to 
these reagents. Mean contractions recorded by pre- and post-treatment 
with ImM chlorbutol are collectively shewn in figure 3.2. The KC1 
induced contraction was also reduced by ImM chlorbutol to the same 
extent as by 0.4 IU/ml Syntocinon (figure 3.2). Students t-test 
analysis confirmed that there was no significant difference between 
the effects of chlorbutol and Syntocinon on the contraction responses 
of MHS porcine skeletal muscle to each of the four diagnostic 
reagents.
The effect of chlorbutol on contractile responses of MHS muscle 
to higher caffeine concentrations was also examined (figure 3.3). In 
six MHS muscle preparations contractions due to 4mM and 8mM caffeine 
were significantly reduced by ImM chlorbutol (p<0.002 and p<0.02, 
respectively). Thus, chlorbutol, like Syntocinon, was only partially 
effective in reducing contractions at high concentrations of 
caffeine.
Although ImM chlorbutol was found to be the most consistent 
concentration producing > 90% inhibition of the contraction response, 
lewer concentrations of chlorbutol also significantly reduced the 
contraction responses of MHS pig muscle. Using a concentration of 
0.2mM chlorbutol, the mean contraction in response to 3% halothane 
was 0.65 +/- 0.23g (n = 3), while 0.5mM chlorbutol reduced the 3% 
halothane contraction to 0.26 +/- 0.19g (n = 5).
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O 0.8
2.0 4.0
Caf f e i ne  con ce n t r a t io n  (mM)
Figure 3.3 The Effect of Syntocinon, Oxytocin and Chlorbutol on
Caffeine-induced Contractions in MHS Porcine Skeletal Muscle.
MHS porcine skeletal muscle fibres were pre-treated for 5 minutes 
with the appropriate reagent and then exposed to increasing 
concentrations of caffeine.
The results are expressed as the mean contraction (g) +/- S.E.M.
#  = MHS - No addition (n = 6)
^  = 0.4lU/ml preservative-free oxytocin (n = 4)
= 0.4IU/ml Syntocinon (n = 6)
■  = 1.OmM chlorbutol (n = 6).
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MHS human vastus lateralis was also sensitive to Syntocinon 
(table 3.1). Mean contractions in response to 3% halothane and 2mM 
caffeine were significantly reduced by 0.4 IU/ml Syntocinon. Mean 
contractions in response to halothane and caffeine were also 
significantly reduced by l.OmM chlorbutol (table 3.1) and were not 
significantly different fran those in the presence of Syntocinon.
3.4 DISCUSSION.
Susceptibility to MH in pigs is diagnosed by contractions of 
isolated muscle in the presence of 3% halothane, 2mM caffeine, ImM 
Anectine (Wellcane) and 30mM KC1 (Okumura et al., 1979). The recent 
findings that oxytocin could prevent the development of MH in pigs 
"in vivo" were thought to be due to a modification of catecholamine 
action rather than an inhibition of their release (Spencer et al., 
1981). It could, therefore, be implied that oxytocin might influence 
the contraction responses of isolated MHS pig muscle to the 
diagnostic reagents. The experiments described here were carried out 
with preservative-free oxytocin and shewed that oxytocin had no 
appreciable effect on the contractile behaviour of MH pig muscle.
However, the results of this chapter (and chapter 2) demonstrated 
that Syntocinon, a synthetic preparation of oxytocin containing 
chlorbutol as preservative, could reverse or prevent most of the 
characteristic contraction responses of MHS skeletal muscle. 
Syntocinon was only partially effective in preventing the
contractions due to 80mM KC1 or high caffeine concentrations. By 
using chlorbutol at the concentration present in Syntocinon, 
chlorbutol alone prevented and reversed the typical MHS responses. 
Contractions in the presence of chlorbutol were not significantly 
different from those in the presence of Syntocinon. It can be
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concluded that chlorbutol is the active agent in Syntocinon which 
alters the responses of MHS muscle to the diagnostic reagents.
These findings do not, hcwever, exclude a role for oxytocin "in 
vivo" and do not necessarily imply that the active agent in the 
preparation of oxytocin used by Spencer et al (1981), "in vivo", was 
chlorbutol. No experiments using chlorbutol "in vivo" were possible 
in this investigation. Hcwever, it is evident that results obtained 
using ccmmercial preparations of oxytocin (and other drugs) should be 
interpreted with caution. The role of other additives must always be 
taken into consideration.
Chlorbutol is a kncwn smooth muscle relaxant (Sotting et al., 
1981), but no similar action on skeletal muscle has been described. 
In the clinical treatment of MH, dantrolene sodium is the muscle 
relaxant canmonly used (Harrison, 1975; Kerr et al., 1978). 
Dantrolene also reverses and prevents the MHS characteristic 
contractions "in vitro" (Anderson et al., 1977 ;Okumura et al., 
1979). The pharmacological similarity of chlorbutol with dantrolene 
suggests that chlorbutol may be useful in the study of MHS muscle "in 
vitro". Chlorbutol may complement the studies using dantrolene in 
investigating the molecular defect associated with MH. Biochemical 
studies on the action of chlorbutol on sarcoplasmic reticulum 
function are described in chapter 4.
Despite the potential of chlorbutol in the investigation of MH 
"in vitro", the use of chlorbutol in the treatment of MH is 
contraindicated due to the high concentrations of chlorbutol which 
would be necessary and due to other, non-specific actions of 
chlorbutol (Botting et al., 1981).
3.5 SUMMARY.
Syntocinon reversed and prevented human and porcine MHS 
charateristic contraction responses of skeletal muscle to the 
diagnostic reagents. However, preservative-free oxytocin did not. 
When the preservative used in Syntocinon (chlorbutol) was 
investigated, this was found to be the active skeletal muscle
relaxant "in vitro".
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CHAPTER 4
CHLORBUTOL AND SARCOPLASMIC RETICULUM FUNCTION.
4.1 INTRODUCTION.
In chapter 3 it was established that the smooth muscle relaxant, 
chlorbutol, was also an effective skeletal muscle relaxant. 
Furthermore, chlorbutol was shewn to reverse and prevent MH 
characteristic contractions "in vitro". In order to establish whether 
the pharmacological action of chlorbutol was on SR function, this 
chapter describes the experiments carried out on the Ca^+ transport 
mechanisms of fragmented sarcoplasmic reticulum (FSR) membrane 
vesicles.
The role of the SR in skeletal muscle function has been briefly
discussed in chapter 1. The possibility that the SR may be involved
in MH was also discussed briefly in chapter 1, although the amount of
conflicting information made definitive conclusions impossible. One
of the reasons for this is that the molecular events involved in Ca
2+transport across the SR, particularly Ca efflux, are not yet fully 
understood (Gronert et al., 1979).
9 -4-The Ca -ATPase is a protein with a molecular weight of 
approximately 100 000 daltons, located deep within the SR membrane 
and extending into the myoplasm (Hidalgo et al., 1977). It is 
visualised by freeze fracture studies as globules within the membrane 
(MaCLennan et al., 1971). The Caz -ATPase, which constitutes seme 
60-80% of the total SR protein, is responsible for the highly 
efficient Ca^+ transport across the SR (de Meis and Vianna, 1979).
9 -4-Isolated FSR vesicles retain the ability to transport Ca (Ebashi
2+and Lipman, 1962) and the re-uptake of Ca J into the lumen of the
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vesicles has been shewn to be an ATP dependent process (Ikemoto, 
1982).
Many models have been proposed to explain the sequence of events
involved in Ca 2+ uptake (de Meis and Vianna, 1979). The basic
features of these schemes can be described in terms of the
interconversion of three conformational states of the Ca -ATPase
(Ikemoto, 1982), as shown in figure 4.1. The ground state (A) exists
in the absence of bound Caz and Mg . When Caz is present, it is 
2+bound to the Ca -ATPase, forming the second conformational state of
the enzyme (B). Once the Ca2+-ATPase has bound Ca2+ and in the
presence of M-NTP, the Ca2+-ATPase is phosphorylated and Ca^+ is
translocated into the lumen of the SR. This acid stable
2+phosphorylated intermediate is eventually converted to the Mg 
state (C) via the formation of several phosphoprotein intermediates 
of the Ca -ATPase. Finally, there is evidence to suggest that the
0 -4-liberation of Pi and Mgz occurs sequentially, returning the 
Ca -ATPase to ground state (de Meis and Vianna, 1979).
2+ 2+ Hcwever, Ca uptake is not dependent only on Ca -ATPase
activity ; other factors may be involved (Tada et al., 1978).
Consequently, a study of Ca2+-ATPase alone would not be a complete
O  I
analysis of Ca uptake mechanisms. The assay used in this chapter 
only assesses the ability of the enzyme to hydrolyse ATP in the 
presence of Ca^ .
0 -4-The binding of Caz to proteins such as calsequestrin (MacLennan 
and Wong, 1971) and the high affinity Ca2+ binding protein
(MacLennan et al., 1972) must also be considered (MacLennan and 
Holland, 1975). Although the Ca2+-ATPase is capable of carrying out 
all aspects of Ca transport in isolation (MacLennan and Holland, 
1975), calsequestrin and other factors may play a secondary role
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9
Figure 4.1 Diagrammatic representation of the events involved in
the Ca2+-ATPase reaction, (reproduced frcm Ikemoto,1982).
EP= phosphoenzyme; M= metal moiety; NTP= nucleotide triphosphate; NDP—
nucleotide diphosphate; CaQ= extravesicular Ca2+' Ca^= intravesicular
24"Ca2+' P= inorganic phosphate; A— ground state; B= Ca state; C— 
magnesium state.
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9+(Tada et al., 1978). The sequestering of Ca" inside the SR by 
calsequestrin is one way in which the overall rates or capacities of
n ICa transport could be altered without any change in activity of 
the Ca^+-ATPase (MacLennan and Holland, 1975). For example, SR 
containing a mutant form of calsequestrin demonstrated an increased 
capacity for Ca^+ transport although Ca^+-ATPase activity was 
unchanged (MacLennan and Holland, 1975).
Heilman et al. (1977) have also indicated that other factors may 
be involved in Ca transport. Using lew and high density vesicle 
preparations frem different muscle types, they have demonstrated the
9+ 9+uncoupling of Ca^ uptake fron Ca -ATPase activity. Low density
vesicles prepared fron fast twitch muscle were shewn to possess
7+  24-little Ca -ATPase activity but similar capacities for Ca uptake
2+to high density vesicles, which had high Ca -ATPase activity.
Polypeptides of molecular weight 57 000 and 47 000, which formed
74-stable phosphoproteins in the presence of ATP and Mg , were also
74-characterised and were thought to be involved in Ca transport.
24-During muscle contraction and relaxation, Ca cycles through
the SR in stages of release, uptake and storage (MacLennan and
Holland, 1975). The mechanism of Ca^+ release from the SR is
74-,hcwever, much less well understood than the mechanisms of Ca 
uptake. This may, in part, be due to the fact that SR can be 
induced to release Ca^+ by a wide variety of methods (Inesi and 
Malan, 1976). These include increasing the pH (Nakamura and Schwartz, 
1972), rapidly decreasing the temperature (Conway and Sakai, 1960) 
and decreasing the level of free Mg^+ (Thorens et al., 1973). Many of 
these stimuli cannot be considered physiological (Endo, 1977) and, 
therefore, the mechanisms of Ca release "in vivo" remain unclear.
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O lThe method of storage of Ca within the SR after it has been
2+taken up will also influence the availablity of Ca for release.
O r
Several theories exist concerning Ca storage inside the SR (Endo,
1977). Hcwever, the discovery of calsequestrin, a lew affinity, high 
2+capacity Ca binding protein (MacLennan et al., 1971), seems to
pi
support the theory of Weber et al. (1966), who suggested that Ca
9 -4-inside the SR is bound to lew affinity Ca binding sites and is
2+therefore readily available for release. It is likely that Ca 
uptake and release are not necessarily totally separate entities 
(Hasselbach, 1978). Evidence supporting an inter-relation between 
Ca uptake and release came fron the demonstration that, under 
appropriate conditions, the Ca -ATPase reaction could be reversed, 
resulting in rapid Ca2+ release (Makinose and Hasselbach, 1971). This 
reverse reaction has been studied extensively and remains a popular 
theory to explain the physiological release of Ca (Chiesi, 1984).
Hcwever, it should be noted that most other (non-physiological) means
9+ 9+of stimulating Ca“ release do not involve the Ca -ATPase (Endo,
9 -4-1977). For example, caffeine, which induces Caz release, does not
affect the Ca2+-ATPase (Endo, 1975; Collins, 1984). Furthermore,
2+ 2+reversal of the Ca -ATPase produces an efflux of Ca which is not
rapid enough to occur under physiological conditions (Shoshan et al.,
1980).
2+Many other conditions capable of releasing Ca frem the SR have
2+been described (Endo, 1977). Ca release fron isolated FSR vesicles
9 -4-can also be induced by Ca“ (Inesi and Malan, 1976). This 
2+ 9+Ca -induced Ca release phenomenon has been used to describe the
2+physiological release of Ca (Endo, 1977). Hcwever, the
2+ 2+concentrations of Ca^ required to induce Ca release are much
higher than those which would exist physiologically (Endo, 1977). 
2+ 2+Ca -induced Ca release may nevertheless have a minor role "in
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vivo" and may be involved in muscle diseases such as MH (Endo,
1977). MH is a drug induced condition, and MHS muscle is more 
sensitive to caffeine "in vitro" than control muscle. Since caffeine 
decreases the amount of Ca2+- necessary for Ca2+-induced Ca2+ 
release (Endo, 1975), it has been suggested that MHS individuals may
n  I o  Ihave a hypersensitive Ca -induced Ca release system (Endo, 1977). 
This claim has yet to be substantiated.
7+Isolated SR vesicles can also be induced to release Ca using 
different electrolyte concentrations (Endo and Nakajima, 1973). 
Hcwever, this too does not necessarily suggest a physiological 
mechanism, since osmotic effects cannot be ruled out (Inesi and 
Malan, 1976).
Finally, depolarisation of skinned muscle fibres has been shewn
to induce Ca2+ release (Endo and Nakajima, 1973). This suggests that
direct electrical effects on the SR may be involved in the
2+physiological mechanism of Ca release. However, these skinned
fibre preparations may retain seme outer membrane fragments in the 
form of T-tubules Which do respond to changes in the electrical 
envirement (Constantin and Podolsky, 1967).
9+Clearly, the means Whereby the SR can be induced to release Ca 
are diverse and complex. The demonstration in chapter 3 of another 
skeletal muscle relaxant, chlorbutol, which can also reverse or 
prevent MH characteristic contractions "in vitro", provided another 
biochemical probe with which to investigate the role of the SR in MH. 
The effect of chlorbutol on the Ca2+-ATPase of isolated FSR membrane 
vesicles from control and MHS pigs was investigated. This chapter 
also describes the effect of chlorbutol on the rates of and
O  lcapacities for Ca uptake in FSR vesicles isolated from control and 
MHS pigs. A study of Ca2+ release from FSR was also carried out. The
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study of the effect of chlorbutol was limited to examination of the
24-rates and amounts of Ca equilibrium exchange across the FSR
membrane in control and MHS pigs. White et al. (1984) have ,hcwever,
2+shcwn that, using similar vesicle preparations, the rates of Ca
2+equilibrium exchange and Ca efflux were similar.
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4.2 METHODS.
The selection of animals and confirmation of susceptibility to MH 
has already been described in chapter 2. Control animals were 
canmercially purchased.
4.2.1. SURGICAL TECHNIQUES.
Bulk samples of the muscle were taken immediately post mortem for 
biochemical analysis. Under general anaesthesia, as described in 
chapter 2, animals were despatched by captive bolt and 
exsanguination. Muscle was immediately removed , finely minced and 
cooled to -70°C in liquid nitrogen. The frozen muscle was stored at 
-70°C until used.
4.2.2. PREPARATION OF FRAGMENTED SARCOPLASMIC RETICULUM.
FSR was prepared essentially according to White et al, (1983)
Frozen muscle samples were allcwed to warm up to 0°C in 5 volumes
of 0.25M sucrose/lOmM Tris/HCl buffer, pH 7.4. Using a Waring Blendor 
(lew speed setting), the suspension was homogenised three times for 
30 seconds with 30 second rests in between to prevent heat build up. 
After brief filtration through coarse gauze, myofibrillar proteins 
and connective tissue were removed by centrifugation at 3000g for 5 
minutes. A further centrifugation of the supernatant at 10 000g for 
20 minutes removed the mitochondrial fraction which was retained for 
marker enzyme analysis. The supernatant was then centrifuged at 100 
000g for a further 20 minutes to pellet the microscmes and the 
supernatant was discarded. Microscmes were washed once in 0.6M KC1 , 
recentrifuged at 100 000g and the final pellet was resuspended in a 
minimum volume of 0.25M sucrose/lOmM Tris/HCl pH7.4 using a 
glass/teflon hemogeniser. This membrane suspension contained 
predominantly SR vesicles and was termed the fragmented sarcoplasmic
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reticulum (FSR).
The FSR was used immediately or stored at 4°C overnight. The 
entire isolation procedure was performed at 0-4°C.
4.2.3. PROTEIN ESTIMATION.
Protein was determined essentially according to the method of 
Peterson et al. (1977).
Approximately lOpg protein was diluted to 1ml with nanopure water 
and 0.1ml of 0.15% Deoxycholate (DOC) added. After 10 minutes at roan 
temperature, 0.1ml 72% (w/v) trichloroacetic acid (TCA) was added and 
the suspension centrifuged at 3000g for 15 minutes to sediment the 
protein- DOC-TCA canplex. The supernatant was decanted and 0.4ml of a 
mixture containing equal volumes of H^O, 0.8N NaOH, 10% (w/v) sodium 
dodecyl sulphate (SDS) and CTC solution was added. CTC was prepared 
fresh fron 2% NaKTartrate, 1% CuS04, h20 and 20% NaC03 in the ratio 
1:1:3:5. The mixture was allowed to stand for 10 minutes at rocm 
temperature, after which 0.2ml 0.4N Folin reagent was added. Colour 
was allowed to develop for 30 minutes, after which the absorbance was 
read at 750nm using a Beckman DU-8 spectrophotometer.
A standard curve of absorbance against pg protein was prepared 
using Bovine Serum Albumin (BSA) and a sample of 0.1ml H^O was
included as a blank.
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4.2.4. MARKER ENZYMES.
FSR preparations were analysed for contamination by various cell
organelles as described in the following three sections.
The methods employed were essentially as described 
by White et al, (1983). "
4.2.4.1. 5'-NÜCLEariCASE.
Plasma membrane contamination of FSR preparations was determined 
by estimation of 5'-nucleotidase activity.
Liberation of Pi frcm AMP was measured at 37°C for 30 minutes 
in 0.5ml of a buffer containing 50mM 5 '-AMP, 0.5M glycine/NaOH, 
O.Olfl MgCl9/ pH 9.1. The reaction was started by the addition of 
50pg protein and terminated by adding 4ml acetone/molybdate/acid 
reagent (see section 4.2.5). After 2 minutes 0.5ml 1M citric acid 
was added and absorbance was read at 355nm. A standard phosphate 
solution containing 0.2ml InM K2P04' and °*3ml H2° was included 
as reference.
4.2.4.2. ACID PHOSPHATASE.
Acid phosphatase activity of FSR preparations was used as a 
marker for contaminating lysosomes.
The reaction was started by the addition of lOOpg protein to 
0.5ml of a buffer containing InM p-nitrophenyl phosphate and 
0.1M citrate pH 5.0 at 37°c . After 15 minutes the reaction was 
terminated by the addition of 0.2ml 10% SDS (w/v) and 5ml 20mM 
NaOH. The formation of p-nitrcphenol was measured at 400nm in a 
Beckman DU8 spectrophotometer.
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4.2,4.3» SUCCINATE DEHYPROQBmSE.
Contamination of FSR preparations by mitochondria was 
estimated by determining succinate dehydrogenase activity, 
essentially according to the method of King (1963). 50pg FSR 
protein was added to a mixture containing 50mM phosphate buffer, 
1.56mM KCN, 50uM dichlorophenolindophenol (DCIP), ImM phenazine 
methosulphate (PMS), 20mM succinic acid and 0.1% BSA, pH 7.4. The 
change in absorbance at 600nm was recorded at 30 second intervals 
over a 10 minute period at 37°c using a Bechman DU8 
spectrophotometer.
Succinate dehydrogenase activity is presented as a percentage 
of the activity of crude mitochondrial fractions of the 10 000g 
pellet obtained frcm the FSR isolation procedure.
4.2.5 ATPase Activity.
ATPase activity was determined by measuring the release of Pi
★
frcm ATP. Total ATPase activity was measured in a final volume 
of 0.5ml solution containing lOOmM NaCl, lOmM KC1, lOmM MgCl^ , 
ImM ATP, lOmM Tris-HCl at pH 7.4. CaCl2 and EGTA/Tris, pH 7.4, 
were added to the incubation medium at the concentrations 
indicated in the text. After pre-incubation for 5 minutes at 
37°C, 20-50pg protein (FSR vesicles) was added to start the 
reaction. After 15 minutes at 37°C, the reaction was terminated 
by the addition of 4ml acetone/molybdate/ acid reagent. This 
reagent was prepared fresh frcm lOmM ammonium molybdate (1 
volume), 5N H So (1 volume) and 2 volumes acetone, according to 
the method of Heinonen and Lathi (1981). After 2 minutes, 0.4ml 
1M citric acid was added to chelate excess molybdate and prevent
further colour development. Controls for turbidity due to protein 
* (White et al., 1983)
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contained the same constituents as the test samples but were 
maintained at 0°c for the entire incubation period. Absorbance 
was measured at 355nm using a Beckman DU-8 spectrophotcmeter.
Ca2+- dependent ATPase activity was determined as the 
difference between the total ATPase activity and the ATPase 
activity in the presence of ImM EGTA.
4.2.6 Ca^+ Transport.
4.2.6.1 Ca2+ Uptake. The methods of White and Denborough (1984) were
utilised as follows:
Ca2+ uptake was measured by a millipore filtration method in 
0.5ml of a medium containing 50-100pg FSR, lOOmM KC1, 5mM MgCl^
, 5mM K-oxalate, lOmM Tris-HCl, pH 7.4 and 20piM CaCl^ (including 
^ C a ^ + ,17.6pCi/ml). When used, chlorbutol was present, in all 
buffers, at the concentrations indicated in the text. The 
reaction was started after five minutes pre-incubation at the 
appropriate temperature (see section 4.3) by the addition of 2rrM 
ATP. Aliguots (20|il) were removed at various intervals and 
filtered through 0.22p microporous filters (Zetapor) using an 
Amicon VFM1 vacuum manifold. The filters were washed with 2 X 3ml 
volumes of the cold incubation medium (excluding 45Ca2+ ). 
Filtration and washing were complete within 15 seconds. The 
filters were allowed to dry at rocm temperature and 45Ca2+ was 
detected using a Packard Tri-carb liquid scintillation counter.
The scintillant was xylene/ triton X-114 (2:1 v/v) containing
0.5% (w/v) 2,5 diphenyloxazole.
2+ ?+4.2.6.2 Ca Exchange, -exchange was measured according to
White et al, (1983).
o  *For Ca exchange experiments, FSR vesicles (l-2mg/ml) were 
loaded overnight at 0°c in 1ml of a loading buffer containing lOOmM 
KC1 SrrM MaCl' 2 ' ^ m M  tris-HCl, pH 7.4 and lirM CaCl^ (containing
^ C a ^ + , 21.78^Ci/ml). Ca^+ exchange was initiated by 50-fold
dilution of the loaded vesicles into loading buffer containing ImM 
45 2+CaCl^ but no Ca . A  500pl aliquot was withdrawn and filtered
immediately (zero time). Futher aliquots were filtered at the times
shewn in the text. For chlorbutol experiments, loaded vesicles were
pre-incubated at 37°c for 15-20 minutes in ImM chlorbutol. Exchange
was initiated as described above except that ImM chlorbutol was
present in the dilution buffer. Aliquots of 0.5ml were removed at the
45 2+appropriate times and dried, filtered and counted for CaJ as
described for CaJ uptake. Results are expressed as a percentage of 
UR ?-t-the initial Ca level (100%).
4.3 RESULTS.
4.3.1 Isolation of SR.
FSR preparations used in this study were investigated for 
contamination by plasma membrane, mitochondria and lysosomes. The 
presence of 5 1 -nucleotidase activity in the range 0.01 - 0.03pmoles 
of Pi/mg protein/min suggested that plasma membrane contamination was 
low. Mitochondrial contamination was also evident, but the low levels 
of succinate dehydrogenase activity (<8% of the activity of crude 
mitochondrial preparations) suggested that this contamination was 
also low. Determination of acid phosphatase activity was used as a 
marker for contaminating lysosomes. Acid phosphatase activity were
found to be less than
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0.025 pmoles p-nitrophenol formed/mg protein/min.
4.3.2 Ca^+- dependent ATPase.
2+Under conditions designed for maximal Ca -ATPase activation 
(0.5mM exogenous Ca^+ ), the liberation of inorganic phosphate 
frcm ATP was linear with respect to time for up to 20 minutes 
(figure 4.2). The specific enzyme activity was 0.7 pmoles Pi/mg 
protein/minute. The effect of 2.5mM chlorbutol in the assay 
buffer is also shown (figure 4.2). Chlorbutol, at this 
concentration, had no effect on the linearity of the curve during 
the same incubation period. The corresponding Ca -ATPase 
specific activity was indistinguishable frcm that in the absence 
of chlorbutol (0.7 |jmoles/mg protein/min).
2+The use of maximum Ca concentrations may not be suitable
for the examination of the effect of chlorbutol on the 
2+Ca -ATPase. With this in mind, the enzyme activity was reduced
2+to less than maximal by chelating the endogenous Ca with EGTA. 
The results of experiments using increasing concentrations of 
EGTA (0-lmM) to chelate endogenous SR Ca^+ are shewn in figure 
4.3. Almost maximal inhibition of Ca -ATPase activity was 
produced by about 0.5mM EGTA and complete inhibition by ImM EGTA. 
Approximately 0.05mM EGTA produced half maximal enzyme activity. 
Activity in the presence of 500pM added Ca is also shewn and
24-confirms that SR vesicles contain sufficient endogenous Ca^ to 
maximally activate the Ca2+-ATPase (White and Denborough, 1984). 
Since SR vesicles may contain different amounts of endogenous 
Ca^+ (Inesi, 1972), the EGTA-dependent inhibition was
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Figure 4.2 Time Course of Ca^+-zyrPase activity in Control FSR Vesicles.
2+Ca -ATPase activity is shewn in the absence (■) and presence (A ) of 
2.5mM chlorbutol. Ca was present in the incubation medium at a 
concentration of 0.5mM to ensure maximum activation of the Ca^+-ATPase.
75
0.2 0.4 0.6 0.8
EGTA c o n c e n t r a t i o n  (m M)
9+Figure 4.3 EGTA Titration Curve for Ca -ATPase Activity.
Ca^+-ATPase activity was measured in control FSR preparations in the
absence of exogenous Ca^+ and in the presence of increasing
2+concentrations of EGTA. Activity in the presence of 500pM exogenous Ca 
is shewn (★). Each point represents the mean value obtained from 10 
experiments.
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established for each membrane preparation. The concentration of 
EGTA which produced a lew but detectable Ca^+-ATPase (0.05 - 0.1 
pnoles/mg protein/min) was determined for each membrane
preparation. This concentration usually varied between 0.05 and
2+0.3mM EGTA. Exogenous Ca was then added at increasing
concentrations to produce different degrees of enzyme activation.
9+The effect of up to lOmM chlorbutol on Ca -ATPase activity is 
shewn in figure 4.4. Ca -ATPase activity was first reduced to 
minimal levels with 200pM EGTA and restored to half maximal 
activity by the inclusion of 50pM Ca . This representative
experiment shewed that up to 5mM chlorbutol had no significant 
effect on Ca -ATPase activity. In fact, slight decreases in 
activity were noted at higher concentrations. As high chlorbutol 
concentration was not easily maintained in solution and as ImM 
chlorbutol was established in chapter 3 as the effective 
pharmacological concentration , this concentration was used for 
all subsequent experiments.
2+ 2+The effect of chlorbutol and exogenous Ca on Ca -ATPase 
activity of several control FSR membrane preparations is shewn in 
figure 4.5(a). ATPase activity was measured in the presence of
9 -4-O-lOOjjM Ca . ATPase activity was essentially linear with
respect to Ca^+ concentration up to 80jjM Ca^+ . Beyond 80jjM Ca^+
, the Ca -ATPase activity levelled out to a maximal activity of
0.7 |jmoles/mg protein/minute. The inclusion of ImM chlorbutol in
2+the assay buffer produced a concentration dependence for Ca 
which was indistinguishable fron that in the absence of
9 -4-chlorbutol. Half maximal Ca -ATPase activity was obtained by 
approximately 40pM Ca^+ in both cases.
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Chl or but o l  c o n c e n t r a t i o n  (mM)
Figure 4.4 Ca^+-ATPase activity in the presence of Chlorbutol.
Half-maximum Ca -ATPase activity in control SR was obtained in this 
representative experiment using 0.2mM EGTA and 50pM Ca^+* Chlorbutol was 
dissolved directly in the incubation medium at the appropriate
concentrations.
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Figure 4.5 Effect_of Chlorbutol_ontheCa^-ATPase 
activity of FSR Vesicles.
4.5(a) In 10 control vesicle preparations (a),  ATPase activity was
2+reduced to very low levels with 0.1-0.3nnM EGTA ; Ca was added, to the 
incubation medium at the appropriate concentration. Chlorbutol at ImM 
was included in the incubation medium of 7 control preparations (A).
The average maximum Ca - activity is also shewn (^), which was the same 
in the absence and presence of chlorbutol.
4.5(b) Experimental conditions described in 4.5(a) were also used in 6 
MHS vesicle preparations (■ ). Chlorbutol at ImM was included in the 
incubation medium of 6 preparations (A).
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The effect of chlorbutol on the ATPase activity of several
O  IMHS membrane preparations was also examined. The Ca 
concentration dependence was the same as that for control samples 
(figure 4.5(b)). I r r M  chlorbutol also had no effect on the 
Ca -ATPase activity when included in the assay buffer (figure 
4.5(b)). Furthermore, half-maximal Ca2+ATPase activity was noted 
at approximately 40 pM Ca^+ , which was similar to control 
preparations.
4.3.3 Ca2+ Uptake.
2+The uptake of Ca by control FSR vesicles was measured at 
37°C. The reaction was started by the addition of ATP (zero time) 
after pre-incubation at 37°c for 2 minutes. The uptake of Ca2+ 
in the presence of oxalate was extremely rapid (figure 4.6). The 
lew levels of apparent uptake prior to the addition of ATP 
suggests that there was very little non-specific absorption of 
Ca to the membrane. The uptake of Ca was essentially ccmplete 
within 15 seconds, which was the earliest time a sample could be 
taken after the addition of ATP. Thereafter the amount of Ca2+ 
inside the SR remained relatively constant. When oxalate was 
emitted frem the incubation medium , the capacity for Ca2+ 
uptake was greatly reduced, probably due to the simultaneous 
release of Ca^+ . Because of this the rate of Ca2+ uptake in the 
absence of oxalate could not be measured readily in the present 
study. In the presence of oxalate, the Ca taken up by the 
vesicles was precipitated and, therefore, less susceptible to 
efflux mechanisms (White et al., 1984).
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Figure 4.6 Time_Course_of Ca2+ Uptake for Control FSR Vesicles.
Ca2+ uptake toy control FSR vesicles at 37°C was measured in thi 
representative experiment in the presence of oxalate and in the 
absence (■) and presence (^) of ImM chlortoutol.
The Caz uptake at 37°C in the absence of oxalate and C a ' uptake a 
20°C in the presence of oxalate (0) are also shewn. The reaction wa 
started toy the addition of ATP at 0 time and samples were taken at tT 
times shewn.
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When the uptake of Ca in the presence of oxalate and lmM
chlorbutol was examined (figure 4.6), chlorbutol did not appear
to have any effect on uptake. However, this may be due to the
reaction at 37°c being extremely rapid. The rate of Ca^+ uptake
was substantially decreased by carrying out Ca^+ uptake at 20°C
(figure 4.6). At 15 seconds after the addition of ATP, the Ca^+
uptake was still linear but the rate of uptake (98 nmoles/mg
protein/minute) was significantly lower than that at 37°c (240
nmoles/mg protein/minute). The amount of Ca^+ taken up at 20°C
was also significantly lcwer (63.5 nmoles/mg protein) at 90
2+seconds after the addition of ATP) than the Ca uptake capacity 
at 37°c (130 nmoles/mg protein) . All subsequent experiments were 
carried out at 20°c.
The influence of InnM chlorbutol on Ca^+ uptake at 20°C in 
control membrane vesicles is shewn in figure 4.7(a). The rate of 
uptake was similar in the absence or presence of lrrM chlorbutol 
(98 nmoles/mg/min and 102 nmoles/mg/min respectively). Although 
the vesicles appeared to have a slightly increased capacity for 
Ca^+ in the presence of InnM chlorbutol (73.08+/-5.07 S.E.M. 
nmoles/mg protein), this was not significantly different fron 
that in the absence of chlorbutol (63.95 +/- 4.18 S.E.M.
nmoles/mg protein).
Similar results were found using MHS membrane vesicle
O  I
preparations, as shewn in figure 4.7(b). The rate of Caz uptake 
in the presence of lnM  chlorbutol (119.62 +/- 13.16 S.E.M.
nmoles/mg protein/min) was not significantly different from that 
in the absence of InM chlorbutol (88.24+/- 11.96 S.E.M. nmoles/ 
mg protein/min) . Chlorbutol also had no significant effect on MHS 
Ca^ uptake capacities.
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Figure 4.7 Effect_of_lirM_Chlorbutol _on_F5R Ca^+ Uptake at 20°C.
4.7(a) Ca^+ uptake at 20°C was measured in 9 control FSR vesicle 
preparations in the absence (■) and presence (A) of ImM chlorbutol.
4.7(b) Ca^+ uptake at 20°C was measured in 7 MHS vesicle preparations in 
the absence (■) and presence (A) of ImM chlorbutol.
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n<The rates of Ca uptake in MHS membrane vesicles were 
found to be indistinguishable frcrn those of control samples (figs 
4.7(a) & 4.7(b)). Individual experiments carried out in the
24-presence of 5mM chlorbutol failed to shew any effect on Ca 
uptake mechanisms in control or MHS membrane vesicles (not 
shewn). Hcwever, it can be seen by ccmparing figures 4.7(a) and 
4.7(b) that the capacity for Ca uptake in MHS membrane
vesicles was higher than in control vesicles at 20°C. This 
increased capacity was significant in the absence or presence of 
chlorbutol at 60,90 and 120 seconds after the addition of ATP
(p<0.01).
4.3.4 Ca^+ Exchange.
2+Passively loaded FSR membrane vesicles rapidly exchanged Ca
2+across the membrane when diluted into buffer containing ImM Ca 
at 37°c (figure 4.8(a)). Approximately 50% of the ^ C a ^ + stored 
inside the vesicles was exchanged in 2-3 minutes.
Similar results were obtained with MHS membrane vesicle 
preparations as shewn in figure 4.8(b). Exchange rates were not 
significantly different frem those obtained with control samples, 
with 50% of the stored ^ C a ^ + being exchanged in approximately 
2-3 minutes.
Furthermore, the presence of ImM chlorbutol in the exchange 
medium did not alter the rates of exchange in either control or 
MHS samples (figures 4.8(a) & 4.8(b)). The amount of ^ C a 2+ lost 
frcm the vesicles was also unaffected by the presence of ImM 
chlorbutol in both cases.
84
Time (minutes) .Time ( mi nu t es ) .
Figure 4.8 TheJEffect of ImM Chlorbutol on Ca^+
Exchange across FSR Vesicle Membranes.
94-Values for Ca^ retained at the time indicated were expressed as a 
percentage of the 0 time sample (100%).
Standard errors of the mean are also shewn where appropriate.
4.8(a) Passive Caz exchange was measured in 6 control FSR vesicle 
preparations in the absence (■) and presence (A) of ImM chlorbutol.
4.8(b) Passive Ca^+ exchange was measured in 6 MHS vesicle preparations 
in the absence (■) and presence (A) of ImM chlorbutol.
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4.4 DISCUSSION.
The experiments described in this chapter were carried out 
primarily to establish a biochemical basis for the
pharmacological action of chlorbutol (chapter 3). Under
conditions used in this study, chlorbutol was seen to have no
2+ 2+ effect on Ca -ATPase activity or Ca transport.
The skeletal muscle relaxant properties of chlorbutol 
(chapter 3) are similar to those of dantrolene, which can also 
reverse or prevent MH characteristic contractions "in vitro" 
(Austin and Denborough, 1977). However, some disagreement exists 
concerning the site of action of dantrolene. While dantrolene has 
been found to inhibit Ca release fron the SR (Ellis and
Bryant, 1972; Desmedt and Hainiut, 1979 ; Campbell et al., 1980), 
White et al. (1983) failed to show any effect of dantrolene on
O  iCa^ release. White and Denborough (1984) also failed to show any
9+ 2+effect of dantrolene on Ca -ATPase activity or Ca uptake in 
isolated FSR vesicles.
In canparing the Ca^+-ATPase activity of control and MHS 
vesicles, the present study has confirmed the findings of 
McIntosh et al. (1977), White et al., (1983) and Collins (1984). 
No difference in the maximal Ca -ATPase activity was found 
between vesicle preparations frcm the two sources of muscle.
There was also no significant difference between control and MHS
2+vesicles with respect to the dependence of the Ca -ATPase on 
2+Ca . These results are in agreement with White and Denborough 
(1984), although the amount of EGTA required to reduce
O  I
Ca. -ATPase acivity to minimal levels was much greater in the
present study. The higher EGTA requirement suggests that the
24-vesicles used contained higher levels of endogenous Ca . This
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may be because the vesicles used in the present study were 
isolated frcm small quantities of muscle ( 50g) and therefore the 
isolation period was kept to a minimum. As a result, leakage of 
Ca frcm the vesicles during the isolation procedure was 
minimised. In addition, the range of EGTA concentrations 
(0.1-0.3mM) required to chelate the endogenous Ca2+ showed that 
different vesicle preparations contained different amounts of 
endogenous Ca even although the same isolation procedure was 
used. However, the response of the Ca2+-ATPase frcm control and 
MHS vesicles to the same Ca2+ concentration was the same, 
thereby adding support to the suggestion that the Ca2+-ATPase 
activity is not altered in MHS muscle (White et al., 1983).
Furthermore, chlorbutol did not have a significant effect on
maximal or sub-maximal Ca2+-ATPase activity in either control or
MHS samples. This suggests that chlorbutol, like dantrolene, does
not reverse drug induced contractions through stimulation of 
2+Ca -ATPase activity.
The uptake of Ca2+ into the lumen of the SR may involve 
factors other than the Ca2+-ATPase (see Section 4.1). Because of 
this, the rates and capacities of Ca2+ uptake into FSR vesicles 
were also investigated. Ca2+ uptake and capacity were found to 
be significantly lewer in the FSR vesicles frcm MHS swine in 
ccmparison to controls (Gronert et al., 1979). Hcwever, White and 
Denborough (1984) did not find any differences between uptake 
rates or capacities in control and MHS vesicles. In view of the 
rapid uptake at 37°c, the experiments in the present study were 
carried out at 20°c, a temperature at which the rate of uptake 
could be measured more accurately. In this way, any changes, 
particularly in the presence of chlorbutol, would be more
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evident.
The rates of Ca2+ uptake at 20°C were found to be similar
for control and MHS vesicles and were unaffected by the presence
2+of ImM chlorbutol. Furthermore, chlorbutol did not alter the Ca
uptake capacities of control and MHS samples. It is concluded
that chlorbutol does not manifest its pharmacological action
9+through stimulation of the Ca uptake mechanisms of the SR.
2-fThe similar rates of Ca uptake between control and MHS 
vesicles at 20°C add support to the findings of White and 
Denborough (1984). These results differ frcm those of Gronert et 
al. (1979), who suggested that Ca2+ uptake at 37°C is impaired 
in MHS vesicles. Hcwever, the present study has shewn an 
increased capacity for Ca2+ in MHS vesicles at 20°C. Britt et 
al. (1975a) also shewed an increased capacity (at 25°C) for 
Ca uptake in MHS vesicles. However, McIntosh et al. (1977), 
Gronert et al. (1979) and Nelson and Bee (1979) have found 
decreased Ca2+ uptake capacity at 37°C in MHS SR. Furthermore,
O  IWhite and Denborough (1984) found no difference in Caz uptake 
capacity between control and MHS vesicles. Although increased 
capacity for Caz may suggest larger vesicle size in MHS 
samples, the physiological significance of these results is 
doubtful. Chlorbutol did not alter the Ca uptake capacity of 
control or MHS vesicles. Thus, reversal of an MH contraction by 
chlorbutol does not involve an increase in Ca uptake capacity. 
It may be implied that the hypercontractility of MHS muscle does 
not reflect an increased capacity of MHS vesicles for Ca^- . It 
should also be noted that the MH contraction response "in vitro" 
is abolished at 20°C (Sullivan and Denborough 1981). Therefore, 
any differences in Ca2+ uptake capacity at 20ct may have no
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bearing on MH "in vivo".
The failure to demonstrate any difference between control and 
MHS vesicles in relation to Ca2+ exchange suggests that Ca2+ 
efflux mechanisms are normal in MHS vesicles. McIntosh et al. 
(1977), Gronert et al. (1979) and White et al. (1983) also found 
that there was no difference in Ca efflux between control and 
MHS vesicles. Thus the results of the present study reinforce 
the consistent findings frcm this laboratory that Ca2+ transport 
mechanisms are normal in MHS SR (Denborough et al.,1973; White et 
al.,1983; White and Denborough,1984 ; Collins,1984). Ca2+ 
exchange rates and amounts were also unaffected by ImM chlorbutol 
in MHS or control vesicles. It can, therefore, be concluded, frcm 
the present study, that the pharmacological action of chlorbutol 
is not mediated through changes in the Ca2+ transport mechanisms 
of SR. The possibility exists that chlorbutol may affect some 
other aspect of SR function, such as the binding of Ca2+ to 
calsequestrin. It is also conceivable that chlorbutol may be 
acting at a site in the E-C coupling mechanism prior to the SR.
4.5 SUMMARY.
7+Chlorbutol was found to have no effect on Ca -ATPase 
activity, Ca2+ uptake or Ca2+ equilibrium exchange in FSR 
vesicles isolated frcm control and MHS porcine skeletal muscle. 
Thus, chlorbutol did not manifest its pharmacological action 
through altering SR function. There was no significant difference 
between control and MHS skeletal muscle FSR ca transport, 
confirming that these mechanisms are normal in MHS skeletal
muscle.
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CHAPTER 5
ADENYLATE CYCLASE AND MALIGNANT HYPERPYREXIA.
5.1 INTRODUCTION.
Since the discovery by Sutherland and Rail (1958) that cyclic 
3'-5'- adenosine monophosphate (cAMP) accumulated in liver as a 
result of epinephrine administration, cAMP has become accepted as a 
general mediator of hormone stimulation (Rasmussen, 1970). The 
classical model of cAMP as a "second messenger" centres around the 
original proposal that hormone-receptor interaction results in 
activation of membrane-bound adenylate cyclase (AC) (Rasmussen and 
Goodman, 1977). AC catalyses the formation of cAMP frcm ATP 
(Sutherland and Rail, 1958), Which is then responsible for initiating 
subsequent intracellular events. The cellular response to increased 
cyclic nucleotides depends on the specific activation or inhibition 
of cyclic nucleotide dependent protein kinases (Delange et al., 1968; 
Kuo and Greengard, 1970). It is new clear that activation of cAMP 
dependent protein kinases and the resultant phosphorylation of 
specific proteins is the primary, if not only, pathway of cAMP action 
(Liu, 1984). However, the ccmplex regulatory responses of AC activity 
to hormone stimulation suggests that the enzyme system is not as 
simple as was first thought (Ross et al., 1978). Extensive studies in 
recent years have helped to partially understand the AC system. The 
AC enzyme system is new knewn to consist of at least three basic 
components : the hormone receptor; a catalytic subunit; and a guanyl 
nucleotide binding protein( regulatory subunit, N) (Jacobs, 1980). 
Recent studies have focussed on hormone mediated inhibition of AC 
rather than activation (Jacobs and Schultz, 1980; Woodcock and 
Johnston, 1982). Using highly sensitive , assay techniques
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epinephrine has been shewn to stimulate AC via ^-receptors or to 
inhibit it via <X - receptors (Woodcock, 1982). Thus, AC is subject to 
both positive and negative control by hormone binding to stimulatory 
or inhibitory receptors respectively (Woodcock, 1984). It is new also 
clear that the regulatory subunit (N) is composed of two regulatory 
components, one responsible for the stimulation of AC and the other 
for inhibition of AC (Northup et al., 1983 ; Bochoch et al., 1983). 
Thus, AC activity depends on a number of factors and is clearly more 
complex than the original "receptor-regulatory-catalytic" model.
Adenylate cyclase is present in skeletal muscle (Severson et al., 
1972), and so may be expected to have some influence on skeletal 
muscle function. Cyclic-AMP dependent protein kinases have been shewn 
to phosphorylate phospholamban (22 000 molecular weight) in cardiac 
muscle SR, concomitant with an increased calcium uptake (Kirchberger 
and Tada, 1976). A protein of molecular weight 22 000 was also found 
to be the substrate for cAMP -dependent protein kinase in slew rabbit 
skeletal muscle and increased calcium uptake was also associated with 
its phosphorylation (Schwartz et al., 1976). No such substrate has 
been found in fast skeletal muscle, although cAMP-dependent protein 
kinase has been shewn to increase calcium accumulation in microscmes 
frcm fast skeletal muscle (Schwartz et al., 1976).
MH is generally believed to be due to an increased myoplasmic 
calcium ion concentration (Denborough , 1980), and a link between AC 
and MH has been suggested (Willner et al., 1981). Elevated AC 
activity would produce increased cAMP-dependent protein kinase 
activity resulting in increased phosphorylation of specific SR 
proteins (Willner et al., 1981). Furthermore, the serum concentration 
of catecholamines increases during general anaesthesia (Halter et 
al., 1977) or stress in man (Robertson et al., 1980) and in pigs
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susceptible to the porcine stress syndrome (PSS) (Lucke et al., 
1976). Since catecholamines affect AC activity (Woodcock et al., 
1980), it is possible that AC has a role in the development of an MH 
attack.
Hcwever, as indicated in chapter 1, contradictory information 
exists concerning AC activity in MH. Cyclic AMP content and basal AC 
activity has been shewn to be elevated in MHS humans (Willner et al., 
1981; Ellis et al., 1984) but not in MHS pigs (Ono et al., 1976 Ono 
et al., 1977). It has also been suggested that increased AC activity 
would be an unusual primary expression of a dominant mutant gene 
(Willner et al., 1981), since a mutation directly involving an enzyme 
would be expected to result in decreased activity of that enzymne. 
However, in view of the complexity of the AC enzyme system, this is 
not the case. The possibility exists that defects in inhibitory 
receptors or regulatory subunits could produce elevated AC activity. 
The experiments described in this chapter were therefore designed to 
re-examine the behaviour of AC in control and MHS muscle and were 
approached in two different ways.
Several known activators of AC were used to examine the 
contractile behaviour of MHS and control pig muscle. Sodium fluoride, 
sodium molybdate, norepinephrine and forskolin have been shewn to 
increase AC activity in all eukaryotic tissue extracts with the 
exception of bovine testicular AC (Richards and Swislocki, 1979). In 
skeletal muscle, fluoride and molybdate maximally stimulate enzyme 
activity in the concentration range 10-20mM (Richards and Swislocki, 
1981; Grefrath et al., 1978 ; Severson et al., 1972). Norepinephrine 
stimulation of AC activity is maximal at 100-200pM (Severson et al., 
1972) as is that of forskolin (Seamon and Daly, 1981). In these 
studies, control and MHS muscle fibres were pretreated with these
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concentrations of AC activators and the contractile response to the 
diagnostic reagents- halothane, caffeine, Anectine and potassium 
chloride- was examined.
Hcmogenates of skeletal muscle fron control and MHS pigs were 
also assayed for cAMP content and basal adenylate cyclase. Since most 
MH individuals are clinically normal (Denborough, 1980), it is 
possible that differences in AC activity exist only in the presence 
of an activator. Therefore, a comparison of stimulated AC activity 
from control and MHS pigs was also made. Furthermore, since 
dantrolene prevents and reverses the MH contracture response (Austin 
and Denborough, 1977), the effect of dantrolene was also examined in 
the pharmacological and biochemical experiments.
5.2 MATERIALS AND METHODS.
The selection of animals and confirmation of susceptiblity to MH 
was carried out as described in chapter 2. Control pig muscle used in 
this chapter was obtained primarily fron unaffected siblings of MHS 
pigs, defined as MHN pigs in chapter 2. Hcwever, in pharmacological 
experiments using sodium fluoride and molybdate, three purchased, 
unrelated animals were used. Pharmacological experiments using 
forskolin and norepinephrine were carried out on two commercially 
purchased animals and the remainder on MHN animals. Since the number 
of commercially purchased animals was not large enough for separate 
analysis and the results from both MHN pigs and commercially 
purchased pigs were similar, both groups were analysed collectively. 
All muscle from pigs not susceptible to MH was therefore termed 
control muscle for the purposes of this chapter. Biochemical studies 
were carried out on commercially purchased animals. Control human 
muscle was obtained from the vastus lateralis of patients undergoing
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diagnostic testing for MH. The samples used in this investigation 
were all frcm MH negative (MHN) relatives of patients diagnosed as 
susceptible to MH by the "in vitro" contraction test.
Pharmacological experiments were carried out as described in chapter 
2. Norepinephrine bitartrate (Sigma) was dissolved in muscle buffer 
and added directly to the organ bath. Forskolin (Calbiochem) was 
dissolved in dimethyl sulphoxide (DMSO) at a concentration of 25mM.
Sodium dantrolene (Norwich Eaton) was also dissolved in DMSO. Final 
concentrations of DMSO in the organ bath did not exceed 0.4%. At this 
concentration, DMSO was shewn to have no effect on muscle
contractility. Stock solutions of 1M sodium fluoride and sodium 
molybdate were made up in nanopure water and added at the final 
concentrations indicated.
5.2.1 Measurement of Adenylate cyclase Activity.
Adenylate cyclase activity was determined by estimation of the change
in cAMP content in the presence of ATP and a phosphodiesterase
inhibitor. Samples of muscle for this investigation were obtained at
biopsy, frozen immediately in liquid nitrogen and stored at -70°c
until required. No sample was stored for more than four weeks.
Control and MHS samples of equivalent storage age were assayed at the
same time in each experiment. The standard method of Willner et al, (1981) was 
modified as described below.
Using a mortar and pestle cooled to -70°C, approximately 0.5g 
frozen muscle sample was ground to a fine pewder. The powder was 
then homogenised in 20 volumes homogenisation buffer using a polytron 
at maximum speed for 2 X 10 seconds with a 10 second rest. The 
homogenisation buffer was composed of 4rnM EOT A, 150mM KC1, lOmM 
Tris-HCl, pH 7.4. Aliquots (50jj1) of muscle homogenates were then 
added to 50jjl of assay buffer kept on ice. The assay buffer contained 
ImM ATP, 20mM creatine phosphate and 100 units/ml creatine
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phosphokinase (as ATP regenerating system), 20mM theophylline (as 
phosphodiesterase inhibitor), 50mM MgCl^, 50mM Tris-HCl, pH 7.4. The 
reaction was started by transferring the samples to a 37°c water 
bath.
After incubation periods for up to 15 minutes at 37°C , the 
reaction was stopped by the addition of 150pl 5% TCA and the protein 
precipitate was removed by centrifugation at 2000g for 15 minutes. 
The supernatant was collected and was extracted three times with 
water-saturated ether to remove excess TCA. Any remaining ether was 
evaporated using a nitrogen air stream and the supernatant analysed 
for cAMP content. Samples at zero time were prepared by adding TCA to 
the assay buffer before the sample. The cAMP content of the ether 
extracted samples was determined using a cAMP assay kit supplied by 
Amersham Radiochemical Centre. lOpl of each supernatant was added to 
40pl Tris buffer (0.05M tris-HCl, 4mM EETA, pH 7.4). Tritiated cAMP 
(0.5pCi/ml) was added at a concentration of 18 pmoles/ml. Standards 
containing 0-16 pmoles were prepared in the same way. After two 
hours, lOOpl charcoal suspension was added to each tube to remove 
unbound nucleotide. The charcoal was sedimented by centrifugation at 
12 000g for two minutes and 200pl of the supernatant was counted for 
radioactivity using a Packard Tricarb liquid scintillation counter. 
The scintillant was Xylene/ triton X-114 (2:1 v/v) containing 0.5% 
(w/v) 2,5 diphenyloxazole.
All AC activators used in the adenylate cyclase assay were 
checked for interference with the cAMP assay . None was found to 
interfere with the procedure. AC activity was expressed as the amount 
of cAMP formed/mg protein/minute.
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5.3 RESULTS.
5.3.1 The Pharmacological Action of AC Activators 
on Control and MHS Skeletal Muscle.
The results obtained when control porcine muscle fibres were 
pretreated with AC activators and exposed to 3% halothane, 2mM 
caffeine, lnrM Anectine or 80mM potassium chloride are shown in table 
5.1. Preliminary experiments showed that these AC activators alone 
did not stimulate contractions in control muscle fibres. Dilution of 
the muscle buffer by addition of fluoride or molybdate to the organ 
bath was less than 2%. Similar dilutions using water or 20mM sodium 
chloride had no effect on muscle fibre integrity or contractility. 
Since sodium chloride had no effect, any action of sodium fluoride or 
sodium molybdate was presumed to be due to the anion. Pretreatment 
with 20mM fluoride or molybdate significantly potentiated 
contractions in response to halothane, caffeine and Anectine (table 
5.1). Molybdate also increased the magnitude of KC1 induced 
contractions, but this difference was not statistically significant.
Lower concentrations of molybdate also significantly potentiated 
drug-induced contractions in control muscle. Using lOmM molybdate, 
mean contractions of 0.26 +/- O.OSg (n=7) were obtained in response 
to halothane, while 2.5rrM molybdate produced a mean contraction of 
0.125 +/- 0.05g (n=3).
Contractions induced by 3% halothane and potentiated by 20mM 
molybdate were not significantly different fron those potentiated 
by the same concentration of fluoride (table 5.1). However, molybdate 
caused a significantly greater (p<0.05) contraction than fluoride 
when combined with 2mM caffeine .
96
03
ß
O
-H
4-1
o
ß
>M
4-1
ß
o
U
4-1
o
0)
4M
<4-1
0)
(1 )
43
H
i— I 
O 
5m
4-1
c
o
o
c
-rH
m
w
►J
<3
H
X
ß
W ß
z m
M o 03
Z o »H ß
z  w • o 4-1 ß
P-, H o • ß ß o
w <; o ß ß 5
Z  Z  -r-s +  1 ✓—\ -H e 4-1
M H  2
o-, z  :u
<r
m
+  1 M0 1 a
ß o
Z  <  O a o a »-H a m z 4-1
ai H  o o o o 4-1 •
O  M —< • e • ß • ß M 4-1 U
2  CQ ^ o  ^ o o v_' o 03 U ß
iw ß ß ß
5-i s
Pi x 5m 4-1
o ß O • ß * z
rH 4-1 03 U /—N ß
o ß 03 ß Ui
Z • > ß ß '_/ 4-1
M o •rH 5m U 1
rJ /- \ 4-1 CU ß • ß ß
O 2 +  ivO m 1 1 O X 5m
^  ß_ • ß ß 03 o CU
co o rM | l ß 43
OS O o o o ß ß 03 o z z
o  -< . ß • ß <3 Ui r—l ß
pH ^ O  V-X o v—✓ ß ß O
ß > 03 X
4-1 03 rH ß z z
ß 4-1 • ß ß
co MT •K m Me -H rH
—< Me O Me o U ß a CQ 4J
H • • ■ X 03 ß ß
Z W O  -^S o o o ß 03 ß
w Q 03 r>» CM u Pß '—' X> e
2 2  M ^ +  I1-1 +  1 H +  i rM 1 Cu ß 4-1
H Z  Z  2 CU • ß" 03 ß z z
C M o  e 03 a CO a CO B ß 4-1 ß ß ß
PJ Q  Z  O CM r-H ß ß 5m
Clä O  h ! M • ß • ß • ß ß ß B 03 4-1
H C/3 pH O  vm- o v-^ o v-/ -ß 00 ß 1
1 4-1 ß ß o ß
PJ ß 43 -H 5m
o3 43 SM 4-1 4-1 CU
PL, 4-1 ß
-K vO Me CM Me CM •H o 4M 5m ß
O  * O Me O Me f"H 5 tM O ß ß
P4 . • -K • Me • Me , • 4-1 Or ß
H O  /~N o o o X 03 03 ß 5 z z
<3 H vO 0 3 /-s ß o M 5m 4-1
2  Q r-s +  ICM +  1 rH +  » r-H +  i CO 4-1 ß O CU ß
Z  «  2 ß 00 Vm 43
M JH 6 a co a 03 B <r B ß ß 5m 4M
Q Z  O CO CM o CM >M •H ß O ß
O  O cm • ß • ß • ß • ß 4-1 X
U
O
co 2 O o o N-/ o w 1 ß X 03
ß 4-1 5m ß *H
Ul ß ß 43 Ui z z
m m CU XJ a ß
o *-H o r-H Ui ß ß CU
o o o O ß CU ß ß e
• • • • Ul o 4-1 o
O  ✓—N o o o ß u 03 ß ß
H^ vO 03 3 CU 43
+  l<N +  1 •—H +  1 f-H +  1 CO Cu ß H ß
03 ß 43 43 z z
w rM a CM n' •-H n CM II ß 4-1 • 4-1
z o O o O 5m ß 03
o • ß • ß • ß • ß JO -ß +  1 ß Ui
z o  ^ o v-/ o v_x o •H 4-1 5m o z z
IW /*-s ß 4M
o öO ö0
ß 4-1 tM rH
rH 4M O »—H m
OJ 0) ß o X) W o o o
ß ß ß 03 ß ß 4-1 • • •
cj ß •H *H ß 03 o ß o o o
M
H
Z
4-1
0)
4M
4-1
CJ rH
e O
CU
•H
4-1
ß
u V V V
CO —1 O l4_| 0) CJ r—1 X O t M CU cu CU
O z rH ß ß o ß ß 4M
Z Jj ß cj <3 U 5m •H II II II
O 2) Z 2 4-1 ß 4-1 ß
< < 2 2 a ß ß ß 00 Me
M Z 0s? a a o O 43 o tM Me *
Q aS CO CM r-H co CJ 4-1 u 03 Me * Me
97
While fluoride and molybdate potentiated drug induced 
contractions in porcine control muscle, forskolin and norepinephrine 
(100pM), did not significantly alter any drug-induced contraction 
(table 5.1). Dje to the high cost of forskolin, only a limited number 
of experiments were carried out . A series of experiments using 
epinephrine shewed that concentrations up to 2mM epinephrine failed 
to potentiate any drug-induced contractions (not shewn). Since 
control muscle contracts in response to higher concentrations of 
caffeine, the effect of molybdate and fluoride on caffeine-induced, 
contractions was further investigated. Both molybdate and fluoride 
reduced the caffeine concentration threshold at which control muscle 
contracted (figure 5.1). Mean contractions in response to 1,2 and 4mM 
caffeine were all significantly potentiated by 20mM molybdate and 
fluoride, while molybdate also significantly increased contractions 
due to 8mM caffeine. The contractions induced by 8mM caffeine in the 
presence of 20mM fluoride were, however, not significantly increased. 
Contractions in the presence of fluoride were also significantly 
lower than those potentiated by molybdate at caffeine concentrations 
of 2,4 and 8mM.
When these experiments were carried out with MHS pig muscle, the 
results were different (table 5.2). Fluoride and molybdate (20mM) 
produced no significant change in drug-induced contractions. 
Forskolin and norepinephrine also failed to have any significant 
effect on contractions induced by the same drugs in MHS tissue (table 
5.2).
The effect of fluoride and molybdate on caffeine-induced 
contractions in MHS pig muscle was investigated further (figure 
5.1b). While molybdate did not significantly alter the caffeine dose 
response of MHS muscle, the contractions in response to 4mM caffeine
Figure 5.1 The Effect of Fluoride and Molybdate on Caffeine 
Induced Contractions in Porcine Skeletal Muscle 
Control (fig 5.1a) and MHS (fig 5.1b) porcine skeletal muscle fibres were 
pre-treated with 20mM sodium fluoride or sodium molybdate for 5 minutes 
and then exposed to increasing concentrations of caffeine. The results 
are expressed as the mean contractions (g) +/- the standard error of the 
mean. The number of preparations used is also shewn (n).
*** = p < 0.001 for comparison between pre-treatment and no
pre-treatment.
** _ < " " » " " " " " "
* = p < 0 05 " " 1 " " " " " "
■ = control 
0  = fluoride
A = molybdate
( 14)
m M C a f f e i n e
m M C a f f e i n e
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were significantly inhibited by fluoride (P<0.01).
The effect of dantrolene on fluoride- and molybdate-potentiated 
contractions was examined (table 5.3). Dantrolene was added to the 
organ bath after fluoride or molybdate and before the diagnostic 
reagent. Treatment of muscle fibres with 6pM dantrolene prevented 
molybdate- and fluoride-potentiation of contractions in response to 
3% halothane and 2rrM caffeine (table 5.3). Dantrolene was equally 
effective in reversing fluoride- and molybdate-potentiated 
contractions (not shewn).
A limited amount of MHN human tissue was also obtained and was 
used to examine the effects of fluoride and molybdate on halothane- 
and caffeine -induced contractions. It was found that, like pig 
muscle, MHN human muscle pretreated with fluoride or molybdate 
contracted in response to 3% halothane and 2mM caffeine (table 5.4). 
Molybdate-potentiated contractions were significantly greater than 
those potentiated by fluoride. Fluoride did not significantly 
potentiate halothane-induced contractions. The effect of molybdate 
and fluoride on contractions induced by higher caffeine 
concentrations was also examined. Molybdate and fluoride 
significantly increased contractions induced by 4mM caffeine (figure 
5.2). Mean contractions at 8mM caffeine were also increased by both 
agents. Hcwever, due to the small sample size (n=2 and n=4 
respectively), no statistical evaluation of these differences was 
carried out.
No MHS human muscle was available for study.
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Figure 5.2 The Effect of Fluoride and Molybdate on Caffeine
Induced Contractions in Control Human Skeletal Muscle. 
Experimental conditions and description of results are the same as for 
figure 5.1.
■ = control
#  = 2QmM sodium fluoride
A = 20mM sodium molybdate
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5.3.2 Adenylate Cyclase Activity and cAMP Content
of Control and MHS Porcine Skeletal Muscle.
Cyclic-AMP levels were measured in control skeletal muscle 
hcmogenates and MHS muscle preparations. Cyclic-AMP content varied 
between 8.46 and 30.0 pmoles/mg protein for control samples and 
between 12.8 and 41.3 pmoles/mg protein for MHS samples. The cAMP 
content of MHS skeletal muscle hcmogenates (22.39 +/- 3.7 pmoles/mg 
protein) was not significantly different from that of control muscle 
(18.19 +/- 2.49 pmoles/mg protein) .
Basal AC activity in MHS skeletal muscle homogenates (8.05 +/- 
1.34 pmoles/mg protein/min) was not significantly different from that 
of control samples (6.79 +/- 0.97 pmoles/mg protein/min) as shewn in 
table 5.5.
The effect of fluoride, molybdate, forskolin and epinephrine on 
AC activity was also studied. The inclusion of these four compounds 
in the assay buffer produced a concentration-dependent increase in AC 
activity in control samples (figures 5.3 and 5.4). Molybdate and 
fluoride both produced maximal stimulation of AC activity at the same 
concentration of lOmM (figure 5.3). Nearly maximal stimulation was 
seen with 5mM molybdate or fluoride. Using lOOpM forskolin or 
norepinephrine, basal AC activity was increased by factors of 2.4 and 
2.15 respectively. Maximum stimulation of AC was achieved at 
approximately 200pM epinephrine and 400pM forskolin (figure 5.4).
In view of the pharmacological results which shewed that 
molybdate produced the greatest increase in muscle contractility, a 
comparison of the molybdate stimulation of AC was made between seven 
control and eight MHS samples (table 5.5). At a concentration of 5mM, 
molybdate produced a 4.14-fold increase in basal AC activity in 
control samples (28.12 +/- 4.31 pmoles/mg/min) and this was not
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Figure 5.3 The Effect of Fluoride and Molybdate on Adenylate Cyclase 
Activity in Control Skeletal Muscle.
Adenylate cyclase activity was measured as the difference in cAMP content 
before and after 10 minutes incubation at 37°c in the presence of ATP and 
theophy11ine.
Sodium fluoride (A) and sodium molybdate (★) were included in the assay 
buffer at the concentrations indicated.
Each point on the curves represent one individual experiment.
Results are expressed as the ratio of stimulated adenylate cyclase 
activity / basal activity.
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1 0 ■■ Stimulated activity 
Basal activity
500200 300 400
c o n c e n t r a t i o n  ( jjM)
Figure 5.4 The Effect of Forskolin and Norepinephrine on
Adenylate Cyclase Activity in Control Skeletal Muscle. 
Experimental conditions and description of results are the same as figure 
5.3
Forskolin was dissolved in DMSO. The final concentration of DMSO in the 
assay buffer was not sufficient to affect either the cAMP or adenylate 
cyclase assay.
■ = Forskolin
#  = Norepinephrine Bitartrate
significantly affected toy 20pM dantrolene (25.23 +/- 3.1 
pmoles/mg/min). Molybdate also increased basal AC activity in MHS 
samples (30.17 +/- 6.55 pmoles/mg/min). This increased activity 
(3.74-fold) was similar to that of control samples and was not 
significantly changed by 20jjM dantrolene (24.03 +/- 5.25 
pmoles/mg/min).
5.4 DISCUSSION.
This study has examined the effect of AC activators in intact 
control and MHS muscle . While fluoride and molybdate increased the 
sensitivity of control muscle to the diagnostic reagents (table 5.1)
, other activators of AC, forskolin and epinephrine, did not. 
Fluoride has only been shewn to activate AC in broken cell 
preparations (Perkins and Moore, 1971). Forskolin on the other hand, 
is a general activator of AC in all systems, including whole cell 
preparations. (Seamon et al., 1981). Since the pharmacological
preparations used in this study are essentially intact, it is 
unlikely that fluoride increases the sensitivity of control muscle to 
the diagnostic reagents through a direct action on AC. It is not 
knewn whether molybdate activates AC in whole cell preparations but 
it is generally believed to have a similar site and mechanism of 
action to fluoride (Richards and Swislock, 1979). The present study 
has established that, like fluoride, molybdate also stimulates AC 
activity in muscle honogenates. However, when molybdate stimulation 
of AC was examined in skeletal muscle honogenates, no significant 
difference was found between control and MHS samples. Dantrolene, 
which reversed and prevented fluoride and molybdate potentiation of 
drug-induced contractions, had no effect on molybdate stimulated AC 
activity. For these reasons, it is unlikely that the pharmacological 
action of fluoride and molybdate is associated with their ability to
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stimulate AC activity.
The results in this chapter show that neither cAMP content nor AC 
activity are elevated in MHS porcine skeletal muscle. Measurements of 
cAMP content of skeletal muscle homogenates did not show any 
significant difference between control and MHS samples. Despite the 
relatively broad range in cAMP content, variation in results between 
control and MHS samples was kept to a minimum by assaying control and 
MHS samples of equivalent storage age in pairs. AC activity has been 
shewn to decline with increasing storage time of samples (Cerri et 
al., 1981). Therefore, the broad range in cAMP content may be due to 
the use of stored samples. These results are in agreement with Ono et 
al. (1976) who found no significant difference between the cAMP 
content of control (1100 pmoles cAMP/g tissue) and stress susceptible 
(1280 pmoles cAMP/g tissue) pigs. Although these results are 
expressed as pnoles cAMP/g tissue, they are equivalent to the values 
found in the present investigation, since lmg protein was found to be 
contained in 15mg tissue. Ono et al. (1976) measured cAMP content of 
muscle taken at different times post mortem and did, in fact, find a 
significant difference between that at three minutes post mortem. 
Hcwever, they suggested that this difference may have been due to a 
difference in circulating levels of catecholamines as a result of 
stress prior to slaughter. In the present investigation, pigs were 
under general anaesthesia for at least 30 minutes prior to removal of 
muscle samples and were, therefore, not subjected to extreme stress. 
The possibility cannot, hewever, be excluded that the level of 
circulating catecholamines is different during anaesthesia.
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Basal AC activity in MHS samples was not significantly different 
frcm that of controls. Ono et al. (1977) have also found no 
difference in AC activity between control and MHS pigs. Hcwever, 
using human muscle, Willner et al. (1981) and Ellis et al. (1984) 
found elevated levels of cAMP content and AC activity in MHS muscle. 
Willner et al. (1981) also shewed elevated fluoride- and 
catecholamine-stimulated AC activity in MHS sanples. While this may 
reflect a real difference and species variability, it may be noted 
that the use of an animal model allows more stringent attention to 
the choice of controls , muscle type and experimental conditions. 
Drugs used as premedication or other treatment may influence muscle 
activity (chapter 2). The choice of muscle type is also important 
when studying muscle function and different muscle types have been 
shewn to contain different levels of AC activity (Festoff et al., 
1977). The investigation described by Willner et al. (1981) did not 
control these variables and control muscle was obtained frcm three 
different muscle types, none of which was the vastus lateralis 
removed frcm MHS patients. Until adequate control samples are 
obtained, no conclusions can be made in this study concerning the 
role of AC in human muscle.
The finding that fluoride and molybdate did not also increase the 
MHS muscle contractile response suggests that MHS muscle has a 
decreased or altered sensitivity to fluoride and molybdate. A clear 
discrimination between control and MHS muscle was found in relation 
to molybdate stimulation of halothane- and caffeine-induced 
contractions (tables 5.1 and 5.2). It is possible that the ability 
of molybdate to potentiate drug -induced contraction in control 
muscle but not in MHS muscle may be useful as a further diagnostic 
test for MH. Further pharmacological characterisation of fluoride and 
molybdate effects in control and MHS muscle and their biochemical
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actions m y  also be useful in determining the molecular defect which 
predisposes to MH.
Fluoride is known to inhibit ATPase activity (Drummond and 
Duncan, 1970) and inhibition of the Ca-ATPase of SR may produce 
elevated levels of calcium in the myoplasm and, therefore, increased 
contractility. If the ATPase was the site of action of fluoride, the 
effect in control tissue could be explained by fluoride inhibiting 
ATPase activity and raising Ca levels to a certain threshold that 
already exists in MHS tissue. Hcwever, this cannot explain the 
inhibitory effects of fluoride in MHS samples at high caffeine 
concentrations. Also, no evidence for an inhibitory effect of 
molybdate on ATPase activity exists. Furthermore, Ca -ATPaseactivity 
of SR has already been shown to be the same in MHS and control SR in 
this (chapter 4) and other investigations (White et al., 1983; White 
and Denborough, 1984 ; Collins, 1984).
Fluoride also inhibits hydroxy Imethylglutaryl-CoA reductase
(Pfeuffer and Helmreich, 1975) and the glycolytic enzyme, enolase 
(Lehninger, 1975). Similar actions of molybdate have not yet been 
described and such actions of fluoride do not satisfactorily explain 
the pharmacological effects of fluoride on MH muscle. However, the 
mechanism of fluoride action on hydroxymethylglutaryl-CoA reductase 
may help to explain its action on other enzymes , including AC 
(Richards and Swilocki, 1981), and also the pharmacological action of 
both fluoride and molybdate. Both fluoride and molybdate are potent 
inhibitors of protein phosphatases (Hollander, 1971 ; Wiseman, 1970). 
Fluoride has been shown to cause accumulation of phosphorylated 
hydroxymethylglutaryl-COA reductase through inhibition of the 
corresponding phosphatase (Pfeuffer and Helmreich, 1975). It is 
possible that fluoride and molybdate interfere with the
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phosphorylation state of certain proteins involved in muscle 
contractility through inhibition of certain protein phosphatases. The 
lack of effect of fluoride and molybdate on MHS muscle may be due to 
the existence of a hypersensitive phosphorylation system. The 
inhibitory effect at high caffeine concentrations may be due to other 
factors, such as increased calcium, which alter the sensitivity and 
optimum conditions of certain phosphatases or kinases ( Ingebritsen 
and Cohen, 1983b ).
Further circumstantial evidence for a defective phosphorylation 
system in MH ccmes frcm the observation that dantrolene which 
reverses and prevents MH characteristic contractions (Austin and 
Denborough, 1977), has been shown to decrease the phosphorylation of 
specific SR proteins (Campbell and Shamoo, 1980). The role of protein 
phosphorylation in skeletal muscle, particularly in relation to MH, 
is further discussed and investigated in the following chapters.
5.5 SUMMARY.
Fluoride and molybdate potentiated drug-induced contractions in 
control skeletal muscle but not in MHS skeletal muscle. 
Norepinephrine and forskolin had no effect on drug-induced 
contractions in control or MHS skeletal muscle. MHS skeletal muscle 
homogenates had similar cAMP content, basal AC activity and molybdate 
stimulated AC activity to control skeletal muscle homogenates. Thus, 
a pharmacological difference was found between control and MHS 
skeletal muscle which was not due to elevated AC activity in MHS
skeletal muscle.
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CHAPTER 6
THIOPHOSPHORYLATION OF SARCOPLASMIC RETICULUM.
6.1 INTRODUCTION.
In recent years, the reversible covalent modification of proteins
by phosphorylation has becane recognised as a major cell regulatory
mechanism in mammalian tissue (Cohen, 1982). The phosphorylation
state of over 30 enzymes and other proteins is new knewn to be
important in the physiological activity of these enzymes and proteins
(ingebritsen and Cohen, 1983a). The steady state level of
phosphorylation of a given protein is determined by the
phosphorylating action of protein kinases and the dephosphorylating
action of protein phosphatases (Krebs and Beavo, 1979). Since the
discovery of a cAMP-dependent protein kinase (cAMP-PK) by Walsh et
al. (1968), it has become clear that extracellular stimuli (such as
hormone binding to a receptor) can effect intracellular events
through influencing protein kinase activity. At least 14 protein
kinases which are activated by different "second messengers" have new
been isolated and characterised (Flockhart and Corbin, 1982). It is
new well established that cAMP-PK mediates most, if not all, effects
of cAMP in eukaryotic cells (Schulman, 1984). Similarly, a number of
different protein kinases are activated by Ca and calmodulin,
causing increased phosphorylation of proteins in response to neural
2+and hormonal stimuli which raise cytoplasmic Ca concentration 
(Cohen, 1980).
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Although considerable progress has been made in characterising 
the protein kinases involved in cell regulation, the nature of the 
protein phosphatases in these systems has been controversial. 
Hcwever, four protein phosphatases, termed types 1,2A,2B and 2C, have 
been identified, which can account for virtually all of the protein 
phosphatase activity that has been described (Ingebtritsen and Cohen, 
1983b). This includes protein phosphatase activity in glycogen 
metabolism (Ingebritsen et al., 1983a), fatty acid synthesis, 
cholesterol synthesis and glycolysis (ingebritsen et al., 1983b), 
protein synthesis (Pato et al., 1983) and muscle contraction (Stewart 
et al., 1983). These protein phosphatases are distinguished by their 
substrate specificity and ionic requirements. Protein phosphatases 1 
and 2A have very broad substrate specificities and are the only 
phosphatases to have significant phosphorylase phosphatase activity 
(ingebritsen and Cohen, 1983b). Protein phosphatase 2B is Caz - and 
calmodulin-dependent and has only been shewn to dephosphorylate three 
different substrates "in vitro" (Stewart et al., 1983). The fourth 
class of protein phosphatases, type 2C, also has a broad substrate 
specificity, and is entirely dependent on Mg for activity 
(ingebritsen and Cohen, 1983b). Type 1 phosphatases are distinguished 
frem type 2 phosphatases by their sensitivity to two thermostable 
proteins called inhibitor-1 and inhibitor-2 (Huang and Glinsman, 
1976; Cohen, 1983). Interestingly, inihibitor-1 is not active until 
it has been phosphorylated by cAMP-PK.
It is clear that substrates, activators and inhibitors of protein 
kinases and phosphatases may affect the phosphorylation state of a 
protein and therefore the function of that protein. An important 
principle to note is that "phosphorylation/dephosphorylation should 
not be regarded as a mechanism for turning an enzyme on or off, but, 
rather for switching it between two forms (or up to several hundred)
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that respond differently to substrates and regulatory molecules " 
(Cohen, 1982). Thus, the ccmplex interplay between "kinases, 
phosphatases, substrates, activators and inhibitors represents the 
means whereby the activity of different proteins in different cell 
types can be altered.
Skeletal muscle SR preparations have been shewn to contain a
94-number of protein kinases and phosphatases that may modulate Ca^ -
transport (Martonosi and Beeler, 1983). Hcwever, the relationship
2+between SR phosphorylation and regulation of Ca - transport is a 
controversial issue.
Early studies shewed that phosphorylation of SR membranes (using
ATP as substrate) was Ca^+- and Mg^+- dependent and increased the 
94-rate of Ca - uptake (Makinose, 1969). The major protein involved in
94-this transphosphorylation was subseguently identified as the Ca^ -
ATPase (Meissner and Fleischer, 1971). This indicated that a
7+ 2+phosphoprotein intermediate of the Ca - ATPase was involved in Ca -
uptake. The intrinsic Ca2+- dependent kinase activity of SR was also
shewn to convert phosphorylase b to phosphorylase a, and antibodies
directed against phosphorylase kinase were found to inhibit Ca -
ATPase activity and Ca^+- uptake (Horl and Heilmeyer, 1978).
7+Furthermore , phosphorylase phosphatase inhibited the Ca - ATPase of 
SR membranes (Horl and Heilmeyer, 1978). This lead to the hypothesis 
that the Ca^+- ATPase is phosphorylated by phosphorylase kinase and 
dephosphorylated by phosophorylase phosphatase (Horl and Heilmeyer, 
1978). Hcwever, Kranias et al. (1980) shewed that free Ca^+ 
inihibited endogenous SR phosphorylation by 80%, suggesting that the 
activity was not phosphorylase kinase.
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The demonstration that intact fibres of fast skeletal muscle
relaxed in response to cAMP, probably at the SR level (Fabiato and
Fabiato, 1978), suggested a role for cAMP-PK in the control of SR
function. While increased SR phosphorylation in the presence of
9-4-exogenous cAMP-PK was associated with increased Ca^ - uptake (Kranias 
et al., 1980; Varsanyi and Heilmeyer , 1981), other studies were not 
able to detect any cAMP or cAMP-PK dependent phosphorylation of SR 
(Kirchberger and Tada, 1976; Caswell et al., 1978).
2+ATP-induced SR Ca - release has been described in the absence of
Mg2+ and external Ca2+ (Millman and Azari, 1977). Under these
24-conditions, the Ca - ATPase was phosphorylated and the presence of
free Ca in the incubation medium ccmpletely inhibited this
phosphorylation (Chiesi and Wen, 1983). These results suggest that 
2+Ca - release may also be dependent on a phosphorylation step.
24-Various SR proteins, other than the Ca - ATPase, which can be 
phosphorylated have been identified. Proteins of molecular weight 64 
000 (El), 42 000 (E2) and 20 000 (E3) were shewn to be phosphorylated 
in the presence of ImM EGTA and absence of cAMP or exogenous protein 
kinase (Campbell and Shamoo, 1980). Proteins E2 and E3 were 
unidentified SR proteins, while El was identified as calsequestrin. 
The phosphorylation of calsequestrin was inhibited by dantrolene 
sodium. The Ca - independent phosphorylation of calsequestrin has 
been confirmed by other studies (Varsanyi and Heilmeyer, 1980). 
Furthermore, calsequestrin has been shewn to possess kinase 
properties itself (Varsanyi and Heilmeyer, 1979). In the presence of 
free Ca^ and calmodulin, calsequestrin was not phosphorylated 
(Campbell and MacLennan, 1982). While it is clear that calsequestrin 
is a phosphoprotein, the physiological role of its phosphorylation 
is not knewn. Hcwever, since calsequestrin is a major Ca^+- binding
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protein in the SR, it is possible that phosphorylation alters the
9 -4-affinity of calsequestrin for Ca .
2+Ca - calmodulin-dependent phosphorylation of SR proteins with 
molecular weights of 57 000, 35 000 and 20 000 have been indentified 
(Chiesi and Carifoli, 1982). The phosphorylation of these proteins 
was inhibited by the calmodulin antagonist trifluoperazine (TFP) 
(MacLennan et al., 1984), which also inhibited SR Ca^+- transport and 
ATPase activity (MacLennan et al., 1984; Collins, 1984). However, TFP 
may not necessarily inhibit SR function via inhibition of calmodulin 
(Collins, 1984) and so the role of these proteins and their 
phosphorylation in SR function is not kncwn (MacLennan et al., 1984).
2+Clearly, phosphorylation of SR is not restricted to the Ca 
ATPase and involves several different kinases and phosphatases. While 
the physiological role of the phosphorylation of these 
phosphoproteins remains unknown, it is likely that it is related to 
SR function. In chapter 5, phosphatase inhibitors (molybdate and 
fluoride ions) potentiated abnormal drug-induced contractions in 
control porcine skeletal muscle. These were reversed by dantrolene 
sodium. Since dantrolene lcwers myoplasmic Ca^+ concentration, a role 
for SR phosphorylation in skeletal muscle function was further 
suggested.
The experiments described in this chapter were carried out in 
order to characterise the phosphorylation of control porcine skeletal 
muscle SR vesicles, particularly in relation to the action of 
fluoride and molybdate as phosphatase inhibitors. For several 
reasons, the ATP analog ATP^S (Adenosine 5 '-0-(3-thiotriphosphate)), 
originally synthesied by Goody et al. (1972), was used as the 
substrate for all phosphorylation studies. These studies are, 
therefore, referred to as thiophosphorylation. The use of ATP^S
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O C  O')allowed the use of S instead of P as radioisotope, which has the 
benefits of safety and long half-life (87.4 days). While ATP#S can 
substitute for ATP in most systems (Gergely et al., 1976) there may 
be seme differences in reaction kinetics and binding characteristics 
(Gratecos and Fischer, 1974; Hemmings et al., 1982; Stekhoven et al., 
1984). Therefore, a detailed characterisation of normal SR 
thiophosphorylation is described. The following chapter (7) describes 
the comparison between the thiophosphorylation of normal and MHS SR 
using the cptimum conditions defined in this chapter.
It should be noted that some difficulties with the supply and 
quality of ATP# S were encountered during the course of this 
investigation. Consequently, seme sample sizes are not as large as 
would be desirable and the results of seme experiments had to be 
discarded.
6,2 MATERIALS AND METHODS.
6.2.1 Experimental Animals.
Control pigs were purchased commercially, and suitablility as 
controls was confirmed by pharmacological testing of the gracilis 
muscles' response to 3% halothane, 2rrM caffeine, ImM Anectine and 
80mM KC1. There was no contraction response to any of these reagents.
6.2.2 Isolation of Fragmented Sarcoplasmic Reticulum.
Control FSR vesicles were isolated as previously described 
(chapter 4). FSR vesicles were washed once with 0.6M KC1, lOmM Tris 
at pH 7.4 and resuspended in 0.25M sucrose, lOmM Tris, pH 7.4 at a 
protein concentration of 15-20mg/ml.
119
6.2.3 Protein Estimation.
The protein content of FSR vesicles was estimated essentially 
according to the Peterson et al., (1977) method previously described 
(chapter 4).
6.2.4 Assay for Thiophosphorylation of FSR vesicles.
The ATP# 35S substrate was prepared by dissolving cold ATP# S 
(tetralithium salt, Boehringer Mannheim and Pharmacia PL) in a small 
volume of 50mM Tris/HCl pH 7.4 buffer. ATP#35S containing 20 mM 
dithiothreitol (Amersham Radiochemical Company) was added to give a 
total radioactive concentration of 150pCi/ml. The final concentration 
of ATP# S was lOmM. This substrate was rapidly frozen in small 
aliquots (200pl) in liquid nitrogen and stored at -70°C until 
required. FSR vesicles were pre-incubated at room temperature for 30 
minutes in lOmM Tris, pH 7.4, in order to allcw same 
dephosphorylation of endogenously phosphorylated proteins to take 
place. Samples were maintained at 0°c while various reagents 
(dissolved in lOmM Tris, pH 7.4) were added at the final 
concentrations indicated in the text. The final protein concentration 
in each assay was approximately 2mg protein/ml. ATP#S was added to a 
final concentration of 0.5mM in a total reaction volume of 200pl. 
The reaction was started immediately after addition of substrate by 
transferring the samples to a 37°c water bath. The reaction was 
terminated by adding 50pl aliquots of the incubation mixture to 5ml 
ice cold 10% TCA (w/v) . Zero time aliquots were treated in exactly 
the same way prior to transferring the sample to the 379c water bath. 
Total radioactivity in each incubation mixture was determined by 
directly counting a 25pl aliquot. A dry 0.2p microporous filter was 
added to each aliquot to give the same order of quenching found with
the filtered samples. Using an Amicon VFM1 vacuum filtration 
manifold, TCA-precipitated protein was separated from free 
radionucleotide by collection on 0.2uM microporous filters, and the 
filters were washed by filtering a further 2 X 5ml volumes of TCA. 
The filters were dried at rocm temperature and 10ml scintillant 
(chapter 4) was added. Protein- bound radioactivity was measured
o crusing a Packard Tri-carb scintillation counter programmed for S 
detection.
6 »2.5 Isolation and Thiophosphorylation of Calsequestrin.
Calsequestrin was isolated using the method of White et al. 
(1983), and resuspended in lOmM Tris, pH 7.4, at a protein 
concentration of 2mg/ml.
Autothiophosphorylation of calsequestrin was carried out as 
described for FSR vesicles in a medium containing lOmM MgCl^ , lOmM 
Tris, O.lmM ATP^S, pH 7.4 and 1.5mg/ml calsequestr/n.The high 
concentration of calsequestrin used eliminated the need for a carrier 
protein during the TCA precipitation and filtration. Filtration of 
50pl samples containing 75pg protein produced >95% recovery of 
calsequestrin.
6.2.6 Preparation of Thiophosphorylated Proteins 
for Electrophoresis.
Using the same assay conditions (section 6.2.4), 
thiophosphorylated proteins were separated from free nucleotide by 
acetone precipitation and resolubilisation in electrophoresis sample 
buffer. Aliquots of lOOpl were added to 10ml ice-cold acetone and 
incubated for 20 minutes at -20°c . The precipitated protein was
sedimented by centrifugation and
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resolubilised in lOOpl sample buffer containing 5% SDS, 0.01% BPB and 
50mM Tris, pH 7.4. Prior to electrophoresis, mercaptoethanol was 
added to a final concentration of 1% (v/v) and the samples were 
boiled in a boiling water bath for 5 minutes.
6»2,7 Polyacrylamide Gel Electrophoresis (PAGE).
PAGE was carried out using a 7.5%-15% (w/v) continuous
polyacrylamide gradient separating gel containing 0.1% SDS (w/v) and 
a stacking gel of 4.5% polyacrylamide, 0.1% SDS. A discontinuous 
buffer system described by Laemmli (1970), containing 0.192M glycine, 
0.025M Tris, 0.1% SDS, pH 8.3, was used. Gels were run at a constant 
current of 40mA/gel. Where appropriate, protein bands were fixed in 
25% isopropanol, 10% acetic acid (v/v), stained with 0.01% Cocmassie 
brilliant blue (in 10% isopropanol/acetic acid) and destained in 10% 
isopropanol/acetic acid.
Apparent molecular weights of various proteins were determined 
using a calibration curve of relative mobility against molecular 
weight, prepared frcm electrophoresis of standards of kncwn molecular 
weight (Sigma Chemical Company) . The standards used were : myosin 
(205 000), p-galactosidase (116 000), phosphorylase b (97 400),
bovine albumin (66 000), egg albumin (45 000),
glyceraldehyde-3-phosphate dehydrogenase (36 000), carbonic anhydrase 
(29 000), trypsinogen (24 000), trypsin inhibitor (20 100) and
C(-lactalbumin (14 200).
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6.2.8 Nitrocellulose Electrcblobting.
The electrophoretic transfer of proteins from polyacrylamide gels 
to nitrocellulose sheets was carried out essentially according to 
Tcwbin et al. (1979) using a Hoeffer Transfor (model TE 50) 
apparatus. The unstained polyacrylamide gel was placed in firm 
contact with a sheet of 0.45jj nitrocellulose sheet and evenly secured 
by two layers of sponge in a plastic cassettte. Transfer of proteins 
to the nitrocellulose was carried out by East/West electrophoresis at 
a constant current of lArnp for 2 hours in a buffer containing 25mM 
Tris/HCl, 192irM glycine, 20% methanol (v/v) at pH 8.3.
Where appropriate, electroblots were stained with amido black 
(0.1% in 45% methanol, 10% acetic acid) and destained with 90% 
methanol, 2% acetic acid.
6.2.9 Fluorography of Thiophosphorylated proteins.
For optimum detection of S-labelled proteins, a fluorographic 
method was adopted using the aqueous fluor, Amplify (Amersham 
Radiochemicals). The unstained nitrocellulose blots were soaked in 
Amplify for 20 minutes, dried at rocm temperature (20°C) and applied 
to Kodak min-R X-ray film at -70°C for 2-3 weeks.
For quantitation of film images and optimum sensitivity, the 
X-ray film was pre-fogged to by-pass the reversible stage of latent 
image formation. This was achieved by exposure of the film to low 
level white light for 3 seconds using a high density filter of 3.8p 
(double sided X-ray film exposed to white light for 60 seconds). This 
procedure gave an overall film density of 0.2p. As the base fog level 
of the film is normally 0.16p, this added density represents a point 
close to toe on the films' H & D curve.
Exposed fluorograms were processed in a Kodak MB X-Omat film 
processor.
6.2.10 Densitometry of PAGE and Fluorograms.
Quantitation of Coomassie blue-stained proteins in polyacrylamide 
gels was carried out by densitometry scanning of wet gels at 500nm 
using a Beckman DU8 spectrophotometer.
Thiophosphorylated FSR proteins were quantitated by similar 
scanning of fluorograms.
Direct scanning of nitrocellulose blots was not possible due to 
the opacity of the nitrocellulose. However, using Kodak separation 
Neg 1 panchromatic film, a negative of each blot was taken in a 1:1 
ratio. By exposure of subtraction X-Ray film to white light for 0.5 
seconds, using the polaroid negative as filter, a transparent 
reproduction of the original nitrocellulose blot was obtained. This 
was then scanned as for polyacrylamide gels and fluorograms.
6.3 RESULTS.
6.3.1 Thicphosphorylation of Total SR Protein.
The incorporation of thiophosphate into TCA precipitable protein in 
the presence of lOmM MgCl^ , 0.5mM ATP^S and endogenous Ca^+ was 
essentially linear for one hour (figure 6.1). Heat denaturation of 
FSR prior to assay prevented thiophosphorylation (figure 6.1). This
eliminated any artefactual results due to the non-specific binding of 
35S to proteins or the filters. In this representative experiment 
(figure 6.1), the maximum level of thiophosphorylation was 20nmoles 
thiophosphate/mg protein. This was calculated to be 8% of the total 
ATP^S available, and so the deviation from linearity after 60 minutes
nmoles/mg protein
1 2 4
0 30 60 90 120
minutes
Figure 6.1 Time Course of Control -Skeletal Muscle 
FSR Thiophosphorylation.
Thiophosphorylation of FSR was measured in a medium containing lOmM 
MgCl^, 10mM Tris/HCl, pH 7.4. Aliquots were removed at the time intervals 
shewn (#) and protein bound radioactivity was determined as described in 
the text.
The thiophosphorylation of heat denatured FSR is also shewn (^). FSR was 
boiled for 5 minutes prior to assay.
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was unlikely to be due to depletion of substrate. However, 
hydrolysis of ATP^S by ATPase activity may have decreased the
availability of substrate, therefore the maximum thiophosphorylation 
levels observed may not represent saturation of phosphorylation 
sites. All subsequent experiments were carried out for one hour in 
order to obtain maximum possible levels of thiophosphorylation while 
still maintaining linearity.
9+In order to examine the role of endogenous Ca in
thiophosphorylation, increasing concentrations of EGTA up to 20mM 
were added to the assay mixture. The presence of EGTA resulted in 
decreased thiophosphorylation (figure 6.2). Inhibition by EGTA was 
maximal at 20mM EGTA (55% inhibition), while 2mM EGTA produced more 
than 90% of the maximum inhibition. In order to avoid non-specific 
action of EGTA, 2mM EGTA was used in all subsequent experiments 
requiring chelation of endogenous Ca . It has already been shewn 
that l-2mM EGTA is sufficient to chelate all endogenous FSR Ca^+ 
(chapter 4).
24-While low endogenous Ca appeared to . stimulate
2+thiophosphorylation, the presence of high Ca in the incubation
medium was inhibitory (figure 6.3). In the concentration range 0-5mM, 
2+Ca inhibited thiophosphorylation in the absence and presence of 2mM 
EGTA and/or Mg^+ (figure 6.3).
2+The effect of Mg on thiophosphorylation was also examined. The
94-specific requirement of thiophosphorylation for Mgz is shewn in
figure 6.4. In the presence of 2mM EGTA, thiophosphorylation levels
steadily increased with increasing Mgz concentration to maximum
stimulation at 20mM MgCl^ . At lOmM M g C ^ , thiophosphorylation
reached near maximal stimulation. To avoid the presence of excess 
2+Mg , lOmM MgCl^ was used in all subsequent experiments requiring
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Figure 6.2 The Effect of EGTA on Control Skeletal 
Muscle FSR Thiophosphorylation.
Thiophosphorylation of FSR was measured in a medium containing lOmM
MgCl2, 10mM Tris, pH 7.4. EGTA. was added at the concentrations shewn (#), 
as described in the text. The reaction was terminated after one hour by 
TCA precipitation.
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Figure 6.3 The Effect of Exogenous Ca^+ on Control 
Skeletal Muscle FSR Thiophosphorylation.
Thiophosphorylation was measured for one hour in the presence of lOmM 
Tris/HCl, Ph 7.4 and various Ca2+ concentrations. The following 
incubation conditions were used:
■  = 2mM EGTA.
A = 2mM EGTA, lOmM MgCl2>
•  = lOmM MgCl9.
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O  IFigure 6.4 The Effect of Exogenous Mg^ on Control 
Skeletal Muscle FSR Thiophosphorylation.
Thiophosphorylation of FSR was carried out for one hour in a medium 
containing 2mM EGTA, lOmM Tris, pH 7.4. MgCl was added as described in 
the text at the concentrations shown (#).
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ex ogenous Mg
The above results indicated that there were three different 
thiophosphorylation activities in FSR. These were defined by the 
presence of 2mM EGTA (basal level), the absence of EGTA or Mg^+ ( 
Ca^ -dependent thiophosphorylation) and the presence of lOmM MgC^
O  iand EGTA ( Mg -dependent thiophosphorylation). These three 
thiophosphorylation activities were quantitated in five control FSR 
preparations and the results are shewn in figure 6.5. Basal 
thiophosphorylation (4.05 nmoles/mg/hour) was increased by over 2 
fold by the presence of endogenous Ca^+ or exogenous Mg2+
O  I
Mgz -dependent thiophosphorylation (5.65 nmoles/mg/hour) was not
24-significantly different frem that of endogenous Ca -dependent levels
(4.98nmoles/mg/hour/) . Furthermore, the combination of 
24- 24-Mg -dependent and Ca -dependent activities produced
thiophosphorylation levels (11.62 nmoles/mg/hour) equivalent to the 
sum of the two individual levels. This suggested that there was no 
(Ca^+ 4- Mg^+) - dependent thiophosphorylation activity in FSR.
In order to demonstrate the effects of phosphatase inhibitors it
was necessary to determine if the thiophosphorylated proteins were
susceptible to phosphatase activity. This was tested by adding excess
cold ATP<#S to the incubation mixture before thiophosphorylation had
reached maximal levels. If thiophosphorylation was irreversible, the
levels of s incorporated into the protein would remain constant.
The effect of 5mM non-radioactive ATP#S on thiophosphorylation levels
at 30 minutes is shewn in figure 6.6. Quenching the S labelled ATP#
S with excess non-radioactive ATP£>S produced a steady decline in the 
35S levels in FSR protein. In the absence of excess ATP# S the 
radioactive incorporation steadily increased as shewn (figure 6.6). 
While the rate and extent of this dephosphorylation varied with
94-
Figure 6.5 The Individual Levels of Control Skeletal
Muscle FSR Thiophosphorylation.
Thiophosphorylation of 5 control FSR preparations was measured for one 
hour in a medium containing lOmM Tris/HCl, pH 7.4. Each column represents 
the mean thiophosphorylation (nmoles thiophosphate/mg protein/hour) +/- 
S.E.M. The assay conditions used in each experiment were:
Basal = 2mM EGTA.
Basal + Calcium = No additions.
Basal + Magnesium = 2mM EGTA, lOmM MgCl^.
Basal + Calcium + Magnesium = lOmM MgCl^.
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Figure 6.6 The Effect of Excess ATP#S on FSR Incorporation.
Thiophosphorylation was allowed to proceed for 30 minutes in a medium
containing lOmM MgCl2, 10mM Tris, pH 7.4. 5mM ATP#S (non-radioactive) was
35added at the point indicated by the arrow and the ' S incorporation into
3 5FSR protein was monitored for the next 90 minutes (#). The S
incorporation without the addition of excess ATPtfS is also shewn (A).
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several FSR preparations, the dephosphorylation was observed in all 
preparations examined. These results showed that thiophosphorylated 
bonds were susceptible to attack by protein phosphatases.
Since fluoride ions are kncwn to inhibit protein phosphatase
activity, the effect of NaF on basal 4- Mg dependent
thiophosphorylation was examined (figure 6.7). In the concentration 
range 0-25mM, NaF produced a concentration dependent inhibition of 
thiophosphorylation . Maximum inhibition was produced by 25mM NaF 
with lOmM NaF producing >90% inhibition. A comparison of the effect 
of lOmM NaF on the three separate thiophosphorylation levels is
shewn in table 6.1. While NaF produced approximately 70% inhibition
2+ 24-of basal and Mg - dependent levels, it increased Ca -dependent
thiophosphorylation by 14.15% . Furthermore, in one experiment the
24-presence of 50mM MgCl^ overcame the inhibition of basal 4- Mg
thiophosphorylation by lOmM NaF (7.9 nmoles /mg/hour compared with
3.6 nmoles/mg/hour) .
The effect of molybdate, also a known inhibitor of protein 
phosphatase activity, is shown in figure 6.8. In the concentration 
range 0-20mM, sodium molybdate increased thiophosphorylation to a 
near maximum stimulation (4.47 fold) at lOirM molybdate. This 
concentration of molybdate was used for all subsequent experiments. 
The effect of molybdate on the different thiophosphorylation 
activities is shown in figure 6.9. Molybdate was most effective in 
increasing Mg -dependent thiophosphorylation (5.45 fold, p<0.01) 
although it also elevated basal (1.9 fold, , p<0.05) and
Ca^ -dependent (1.71 fold, p<0.05) thiophosphorylation . Furthermore, 
in three separate experiments, dantrolene sodium (20pM), which 
reversed and prevented molybdate-potentiated drug-induced
contractions in contol skeletal muscle (chapter 5), decreased
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Table 6.1 The Effect of Sodium Fluoride on
Control FSR Thiophosphorylation.
SAMPLE SPECIFIC 
(nmoles
THIOPHOSPHORYLATION 
Thiophosphate/mg/min)
Basal M 2 +Mg • „ 2 + Ca
CONTROL 3.3 7.5 9.2
FLUORIDE 
(1OmM)
1 .0 2.25 10.5
% INHIBITION 69 70
% STIMULATION - 14.15
In 2 control FSR preparations, thiophosphorylation levels 
were measured in the absence and presence of lOmM sodium 
fluoride .
Basal levels represent the thiophosphorylation in the
2 d"presence of 2mM EGTA. Mg - dependent levels represent
the thiophosphorylation in the presence of 2mM EGTA and
2 "f-lOmM MgCl^» minus the basal level. Ca - dependent 
thiophosphorylation represents the levels in the absence 
of EGTA and MgCl^i minus the basal level.
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Figure 6.7 The Effect of Sodium Fluoride on Control 
Skeletal Muscle FSR Thiophosphorylation.
Thiophosphorylation was allowed to proceed for one hour in a medium 
containing lOmM MgCl^, 2mM EGTA, lOmM Tris/HCl, pH 7.4. NaF was added as 
described in the text at the concentrations shewn (0).
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Figure 6.8 The Effect of Sodium Molybdate on Control 
Skeletal Muscle FSR-Thiophosphorylation.
Thiophosphorylation was allowed to proceed for one hour as described in
figure 6.7. Na^MoO^ was added as described in the text at the 
concentrations shewn (0).
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Figure 6.9 The Effect of Molybdate on Individual
Thiophosphorylation Levels of Control FSR.
Thiophsophorylation of five FSR preparations was measured for one hour in 
the absence (-) and presence ( + ) of lOmM molybdate and lOmM Tris/HCl, pH 
7.4. Each column represents the mean +/- S.E.M. The assay conditions 
used were:
(A) - Basal Thiophosphorylation = 2mM EGTA .
2+(B) - Basal + Ca dependent thiophosphorylation = No additions
2+(endogenous Ca only).
(C) - Basal + Mg~+ dependent thiophosphorylation = 2mM EGTA, lOmM MgCl^.
(D) - Basal + Ca^+ + Mg“+ dependent thiophosphorylation = lOmM MgCl^.
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9+molybdate-stimulated Ca -dependent thiophosphorylation by 27%.
o  I 9  4.Dantrolene also reduced Ca - + Mg -dependent thiophosphorylation in 
the absence and presence of molybdate by 11% (table 6.2).
2+The Ca binding protein, calsequestrin was also
thiophosphorylated, using its characteristic properties of 
self-phosphorylation. In the presence of lOmM MgCl^ , calsequestrin 
was found to incorporate 2.92 nmoles thiophosphate/mg calsequestrin 
in one hour. In the presence of 25mM molybdate, there was little 
change in the level of thiophosphorylation (3.08 nmoles/mg/hour).
6.3.2 Identification of Thiophosphorylated FSR proteins.
The precipitation of proteins prior to electrophoresis was 
carried out since excess free radionucleotide was found to interfere 
with the fluorographic procedure when the FSR was solubilised 
directly in the sample preparation buffer. The ccmparison of 
Cocmassie blue-stained proteins prepared by different methods is 
shewn in figure 6.10. There was no apparent difference between the 
electrophoresis of proteins prepared by the acetone precipitation 
method and that of FSR proteins directly solubilised in sample 
buffer. Proteins precipitated by TCA shewed altered electrophoretic 
mobility (figure 6.10), but this was due to incomplete removal of TCA 
rather than selective precipitation by TCA.
The profile of protein bands transferred from polyacrylamide gels 
to nitrocellulose is shewn in figure 6.11. While the electrophoretic 
profile of nitrocellulose blots was similar to the polyacrylamide gel 
profiles, inccmplete transfer of some high molecular weight proteins 
(>100 000) was evident by traces of these bands on the original gel 
after electroblotting. In order to account for this, the amount of 
protein in each band of each nitrocellulose track was determined.
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Table 6.2 The Effect of Dantrolene on Control
FSR Thiophosphorylation.
SAMPLE THIOPHOSPHORYLATION 
(nmoles thiophosphate /mg/hour)
Ca2+^Mg2+ Ca2+/Mg2+
+ molybdate
Ca2 +
+ molybdate
CONTROL 18.31 + /-1.79 53.82 + /- 1 . 68 17 .25 + /-5.46
CONTROL +
2O^ im DANT 15.25 + /-A.0 47.89 + /- 2. 1 12.58+/-5.73
PERCENTAGE
INHIBITION 16.71%* 11.01% 27.10%
Thiophosphory1ation of 3 FSR preparations was carried out in the 
absence of EGTA. Where appropriate, 10mM MgC1  ^> 10mM Na^Mo0^
and 20^ iM dantrolene sodium were added after 30 minutes pre­
incubation at room temperature. Thiophosphory1ation levels 
include basal activity.
DANT = Dantrolene Sodium.
Figure 6.10 Polyacrylamide Gel Electrophoresis
of Control Skeletal Muscle FSR Proteins.
FSR proteins were prepared for electrophoresis as described in the text 
as follows:
(A) TCA precipitation and resolubilisation in sample buffer.
(B) Direct solubilisation in sample buffer.
(C) Acetone precipitation and resolubilisation in sample buffer.
FSR proteins were stained using Cocmassie brilliant blue as described in
the text.
A A B B C C
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Figure 6.11 Nitrocellulose Electroblotting of
Control Skeletal Muscle FSR Proteins.
FSR proteins were transferred fron polyacrylamide gels to nitrocellulose 
by horizontal electrophoresis for 2 hours at a constant current of 1 Amp. 
Nitrocellulose blots were quantitated as described in the text.
A = FSR proteins.
B = Standards of kncwn molecular weight.
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This was related to the amount of radioactivity in each band as 
described later.
Fluorography was carried out using conditions designed for 
optimal quantitation of the radioactivity in each band. Ebe to the 
fogged background, these conditions were not good for direct 
visualisation of the bands ( Laskey, 1984). However, by the use of 
enhancement techniques, an example of a fluorogram is shown in figure 
6.12. The fluorogram and corresponding densitcmetry scan indicate the 
presence of 7 major thiophosphorylated proteins. These were the 
Ca-ATPase (100 000), calsequestrin (63 000) and five other
unidentified proteins with molecular weights of 45 000 (A), 33 000 
(B), 20 000 (C), 14 000 (D) and 11 000 (E). The relative amount of 
thiophosphorylation per unit protein was determined by dividing the 
area under each fluorogram peak by the area under the corresponding 
protein peak. The results are expressed in arbitrary units. The 
values for basal thiophosphorylation were subtracted frcm the other 
activities to give an indication of the contribution of each level of 
thiophosphorylation to each protein (figure 6.13). It should be noted 
that due to the large number of proteins present, the quantitation of 
thiophosphorylation in this way was not specific enough to allow 
statistical evaluation of the results . This technique is usually 
applied to a small number of proteins (Laskey, 1984). However, sane 
general trends were observed. Protein B contained the highest degree 
of thiophosphorylation per unit protein for each level of 
thiophosphorylation (figure 6.13). Thiophosphorylation of protein B
2-L.was maximal in the presence of Mg (6.13c). The thiophosphorylation 
2+of the Ca -ATPase was also maximally increased in the presence of
o  I . With the exception of protein C, whose thiophosphorylation was 
increased to the same extent by Ca^+ and Mg^+ , the level of
thiophosphorylation of all other proteins was increased greatest by
Figure 6.12 Fluorographic Detection of Thiophosphorylated Proteins.
FSR proteins were thiophosphorylated for one hour in a medium containing 
lOmM MgC^, lOmM Tris, pH 7.4. The reaction was stopped by acetone 
precipitation. Thiophosphorylated proteins were separated by PAGE and 
transferred to nitrocellulose as described. Nitrocellulose blots were 
soaked in Amplify, dried and exposed to pre-fogged Kodak Min-R X-ray film 
for three weeks.
The corresponding densitometry scan is also shewn.
142
t t I t t t t t t
origin I II A B C D E dye front
Figure 6.13 Quantitation of Thiophosphorylated FSR Proteins 
fran Control Skeletal Muscle.
Thiophosphorylation of 3 FSR preparations was carried out as previously 
described in the absence (open columns) and presence (closed columns) of 
lOmM molybdate. The assay conditions used were :
6.13a - Basal Thiophosphorylation = 2mM EGTA.
O  I
6.13b - Ca dependent Thiophosphorylation = No additions.
6.13c - Mg2+ dependent Thiophosphorylation = lOmM MgC^, 2mM EGTA.
The basal level was subtracted frcm each value to give specific 
thiophosphorylation values.
I = Ca2+-ATPase.
II = Calsequestrin.
A = 45 000
B = 33 000 
C = 20 000 
D = 14 000
E 11 000
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2+the presence of endogenous Ca (figure 6.13b). Hcwever, each of the 
seven proteins was shewn to be a substrate for all the different 
thiophosphorylation activities.
The effect of lOnnM molybdate on the 7 major thiophosphorylated
proteins is also shewn in figure 6.13. With the exception of protein
2+B and the Ca -ATPase, lOmM molybdate elevated the
thiophosphorylation of each protein in the absence of any cations
O  i(figure 6.13a). In the presence of endogenous Ca (figure 6.13b),
thiophosphorylation of calsequestrin and protein B was increased
approximately 2-fold by lOmM molybdate, while that of proteins A,C
7+and D was decreased. Thiophosphorylation of the Ca -ATPase was
2+also slightly increased by molybdate. Endogenous Ca -dependent
thiophosphorylation of protein E was not changed by the presence of
10mM molybdate (6.13b). In the presence of Mg , lOmM molybdate
increased the thiophosphorylation of calsequestrin and proteins D and
2+E (6.13c). Molybdate also increased the Mg -dependent
2+ 2+thiophosphorylation of the Ca -ATPase. Mg dependent
thiophosphorylation of proteins B and C was decreased by the 
presence of lOmM molybdate (6.13c).
6.4 DISCUSSION.
Significant levels of FSR thiophosphorylation were observed in
this investigation, consistent with findings frem other laboratories 
32using ATP P as substrate (Varsanyi and Heimeyer, 1982). The maximum 
thiophosphorylation (16-20 nmoles thiophosphate/mg protein) was 
within the range of 1- 40 nmoles phosphate/mg protein found by
various other investigators (Makinose, 1969; Meissner and Fleischer, 
1971 ; Meissner, 1974; Louis et al., 1980; Heilmeyer and Varsanyi,
1982). Thiophosphorylation was not due to non-specific binding of
14 7
thiophosphate since heat denatured FSR failed to incorporate any 
thiophosphate.
Seven proteins with molecular weights 100 000, 63 000, 45 000
(A), 33 000 (B), 20 000 (C), 14 000 (D) and 11 000 (E) were shewn to 
be the major substrates for thiophosphorylation. The 100 000 
molecular weight protein was identified as the Ca -ATPase, although 
the closely associated phosphorylase (98 000), may have contributed 
to the fluorographic peak corresponding to the Ca -ATPase. The 63 
000 molecular weight protein appeared to correspond to
calsequestrin. The thiophosphorylation of calsequestrin was similar 
to the phosphorylation of a 64 000 canponent of SR , also identified 
as calsequestrin, by Campbell and Shamoo (1980). Campbell and Shamoo 
(1980) also described the phosphorylation of proteins of 42 000 and 
20 000 molecular weights, similar to proteins A and C described in 
this investigation. Phosphorylation of a 20 000 molecular weight
ccrnponent of skeletal muscle SR has also been described by
Kirchberger and Tada (1976) and Chiesi and Carifoli (1982). The
7+latter group also observed the Ca -calmodulin-dependent
phosphorylation of a 35 000 molecular weight SR protein, similar to 
protein B described here. While there have been no reports of 14 000 
or 11 000 phosphorylated proteins of SR, the 11 000 protein (E) 
described in the present study may correspond to the 9000 molecular 
weight protein shewn by Varsanyi and Heilmeyer ( 1981) to incorporate 
phosphate.
These results indicate that ATP^S is a satisfactory alternative 
to ATP in the study of SR protein phosphorylation. Maximum levels of 
thiophosphorylation were similar to those reported using ATP as 
substrate, while all previously identified phosphorylated proteins 
were also shown to be thiophosphorylated (with the exception of the
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57 000 molecular weight protein ) . One further protein of 14 000 
molecular weight was shewn to be thiophosphorylated.
Thiophosphorylation has been reported to be less susceptible to 
phosphatase activity than phosphorylation (Gratecos and Fischer, 
1974). Hcwever, results in this study shewed thiophosphorylation to 
be significantly reversible by endogenous phosphatase activity. The 
steady state level of thiophosphorylation observed in this study was 
due to the antagonistic action of protein kinases and protein 
phosphatases as shewn by the decline in protein bound S when the 
ATP^jds was quenched with excess non-radioactive ATP^S.
Three distinct levels of thiophosphorylation were observed,
namely, endogenous Ca ^-dependent, exogenous Mg ^-dependent and basal 
2+ 2+lev-els. Ca and Mg - dependent thiophosphorylation levels were 
additive, suggesting that these represented separate entities.
2+ 2+Mg -dependent phosphorylation of the Ca -ATPase has been
associated with elevated Caz -ATPase activity and increased Caz -
uptake in skeletal muscle FSR (Kranias et al., 1980; Makinose, 1969;
Heilmeyer and Varsanyi, 1982). Phosphorylation of a polypeptide with
a molecular weight of 9000 has also been associated with increased
2+ 2+Ca - uptake (Heilmeyer and Varsanyi, 1982). Mg -dependent
• 9 4 "phosphorylation of the Ca -ATPase was increased in the presence of 
94*free Ca in the incubation medium (Makinose, 1969). Hcwever, other
2+investigators have found excess free Ca to be inhibitory tewards SR 
phosphorylation (Kranias et al., 1980; Chiesi and Wen, 1983). In this 
investigation, free exogenous Caz was also inhibitory tewards 
thiophosphorylation . While the reasons for this are unknown, it may
94-be due to activation of ATPase activity by free exogenous Ca 
resulting in increased hydrolysis of ATP^S. (ATPase hydrolysis of ATP# 
S has been shewn to occur at a rate which is 10 times faster than the
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rate of ATP hydrolysis (Gratecos and Fischer, 1974) ). In contrast to
the inhibition of thiophosphorylation by excess Ca , EGTA also
inhibited thiophosphorylation, suggesting that there was sufficient 
2+endogenous Ca to activate the thiophosphorylation system.
2+Phosphorylation of FSR in the absence of Mg and free external 
2+ 2+Ca has been associated with Ca - release (Miliman and Azari, 1977;
94-Chiesi and Wen, 1983). Free Ca also inhibited this phosphorylation 
and Ca^+- release (Chiesi and Wen, 1983) . This
phosphorylation-induced Ca -release was entirely dependent on the 
absence of these cations and was calculated to be sufficient to 
effect muscle contraction (Millman and Azari, 1977). The only 
detectable protein phosphorylated under these conditions was the 
Ca -ATPase (Chiesi and Wen, 1983). It was concluded that a
2 I
phosphorylated intermediate of the Ca -ATPase may also be important 
in Ca^+ -release.
While all 7 thiophosphorylated proteins were found to be 
2+  24-substrates for Mg and Ca -dependent thiophosphorylation, only 
changes in the Ca^+-ATPase and a 9000 molecular weight protein have 
been associated with changes in Ca. -transport (Heilmeyer and 
Varsanyi, 1982; Varsanyi and Heilmeyer, 1981; Chiesi and Wen, 1983). 
Hcwever, since calsequestrin is the major Ca2+-binding protein of SR 
(MacLennan et al., 1980), changes in its phosphorylation state might 
be expected to alter that function and, therefore, influence SR 
function (Heilmeyer and Varsanyi, 1982). This hypothesis remains to 
be substantiated. The other phosphorylated proteins found in this and 
other investigations are unidentified proteins and no specific role 
in SR function has been attributed to them. It is, hcwever, possible 
that they are involved in the regulation of SR function in some way 
(Campbell and Shamoo 1980; Chiesi and Carifoli, 1982). Changes in
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their phosphorylation states might be expected to influence such 
regulation (MacLennan et al., 1984).
Sodium fluoride inhibited thiophosphorylation, in a concentration 
dependent manner. While fluoride is an inhibitor of protein
phosphatases (Holland, 1971; Wiseman, 1970), these results are 
inconsistent with such an action. However, an analysis of the effect 
of fluoride on the individual thiophosphorylation levels, showed
O  Ithat fluoride was inhibitory towards basal and Mg -dependent
thiophosphorylation, but that it was slightly stimulatory towards
Ca^ -dependent thiophosphorylation. Furthermore, the addition of
74-excess Mg to the assay medium restored seme fluoride-inhibited
thiophosphorylation, indicating that fluoride was chelating Mg in
the form of MgF^. It is concluded that NaF was not acting as a
general inhibitor of protein phosphatases in this system, but was
74-acting as a chelator of Mg .
Sodium molybdate, however, increased all levels of 
thiophosphorylation , although Mg^-dependent thiophosphorylation was 
most effectively increased. Molybdate did not alter the
autothiophosphorylation of isolated calsequestrin, in the absence of 
any protein phosphatases. This suggests that the action of molybdate 
on FSR thiophosphorylation was not an artefact and was consistent 
with its ability to inhibit protein phosphatases. Examination of the 
effect of molybdate on the individual FSR proteins shewed that the 
thiophosphorylation of the Ca -ATPase, calsequestrin and proteins D 
and E was significantly increased in the presence of Mg^+, while only 
calsequestrin and protein B showed significant molybdate-stimulated 
thiophosphorylation in the absence of Mg2+. These results are 
consistent with the presence of a Mg -dependent protein phosphatase 
with broad substrate specificity (ingebritsen and Cohen, 1983b) and a
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Ca2+-dependent protein phosphatase with a narrower substrate
specificity (Stewart et al., 1983). The effect of molybdate on basal
thiophosphorylation shewed a similar pattern to that of
Mg2 ^-dependent thiophosphorylation suggesting that basal
2+thiophosphorylation might be due to the presence of endogenous Mg
9 -4- 9 -4-Hcwever, the presence of other Ca^ - and Mg - independent protein 
phosphatases and kinases cannot be ruled out.
2+Molybdate also appeared to inhibit the Ca -dependent
2+thiophosphorylation of proteins A,C and D and the Mg -dependent 
thiophosphorylation of proteins B and C. While the reason for this is 
not knewn, further analysis using larger sample sizes is necessary to 
confirm these observations.
2+Molybdate stimulation of Ca -dependent thiophosphorylation was 
reduced by 27% by 20pM dantrolene. While only three experiments were 
carried out, such a decrease suggests that there was a general 
inhibition of thiophosphorylation by dantrolene. Dantrolene also 
reduced Ca2+- + Mg2+- dependent thiophosphorylation in the absence 
and presence of molybdate, although the extent of this was not as 
great as that of Ca2’’-dependent thiophosphorylation alone. While no 
studies on the effect of dantrolene on other thiophosphorylation 
levels were carried out, these results suggest that dantrolene may be 
more effective in reversing C a ' -dependent thiophosphorylation alone. 
Dantrolene has previously been shewn to inhibit the phosphorylation 
of calsequestrin (Campbell and Sharnoo, 1980).
These results appear to provide a biochemical basis for the 
pharmacological observations in chapter 5. While molybdate increased 
the hypercontractility of control skeletal muscle, this was reversed 
by dantrolene. Molybdate also increased the thiophosphorylation of 
control FSR and this appeared to be reduced by dantrolene. It is
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proposed that molybdate increased the sensitivity of control skeletal 
muscle to contractile stimulation by the inhibition of FSR protein 
phosphatase activity. A prerequisite for this hypothesis is that SR 
function is regulated by protein phosphorylation. While no direct 
evidence exists to suggest that this is so, the results of this study 
are in agreement with those of other studies which have also 
suggested a role for protein phosphorylation in the control of SR 
function (Campbell and Shamoo, 1980; MacLennan et al., 1984). In 
particular, Mg -independent, Ca -dependent phosphorylation has been 
suggested to be involved with Ca2+- release (Chiesi and Wen, 1983).
• O  IWhile molybdate increased Ca -dependent thiophosphorylation , it 
2+also increased Mg -dependent thiophosphorylation which has been more 
closely associated with studies relating to Ca2+- uptake (Kranias et
94-al., 1980). Furthermore, physiological levels of Mg might be
2+anticipated to prevent MgJ -independent phosphorylation-induced
Ca ' -release. It is proposed fron this study that a possible role of
molybdate is in the stimulation of the phosphorylation of SR
Ca -binding proteins, including calsequestrin, resulting in
decreased Ca2+-binding (figure 6.14). This may then lead to
increased SR Ca2+ available for release, increased myoplasmic Ca^+,
and hypercontractility. While molybdate also increases the
phosphorylation of the Caz -ATPase and other proteins involved in 
2+ 9 -4-Ca -uptake mechanisms, the Ca^ -uptake mechanisms would already be
9+activated, "in vivo", by increased myoplasmic Ca and ATP.
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Figure 6.14 Proposed Model of Molybdate Action. 
PK = Protein Kinase 
PP = Protein Phosphatase
154
6.5 SUMMARY.
Three independent thiophosphorylation activities were 
characterised and were found to thiophosphorylate seven major FSR
0_i
proteins. Two of these proteins were the Ca -ATPase and
calsequestrin. Molybdate increased the thiophosphorylation of the 
2+Ca -ATPase and calsequestrin and this was reduced by dantrolene 
sodium. It was proposed that molybdate increased the sensitivity of 
control skeletal muscle to the diagnostic reagents by inhibition of 
protein phosphatase activity.
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CHAPTER 7
SARCOPLASMIC RETICULUM THIOPHOSFHORYLATION AND MH.
7.1 INTRODUCTION.
In chapter 6 it was proposed that molybdate increased the 
sensitivity of control skeletal muscle to contractile stimuli by 
inhibiting protein phosphatase activity. Since molybdate did not have 
any significant effect on MHS skeletal muscle contractility (chapter 
5), it is possible that this reflects a defective protein 
phosphorylation system in MHS FSR. This might result in an inherent 
decreased capacity for Ca binding and therefore hypercontractility 
in MHS skeletal muscle. While decreased Ca^+ binding has been 
reported for MHS FSR (Gronert, 1980) this has not been found for MHS 
calsequestrin (White , personal ccrrmunication) . This may, however, be 
due to the fact that isolated calsequestrin contains endogenously 
bound phosphate (Kranias et al., 1980; Varsanyi and Heilmeyer, 1980), 
which may be beyond the threshold which alters its function.
A deficient protein phosphorylation system in MHS skeletal muscle 
has not been previously reported. However, increased phosphorylase a 
levels have been found in seme MHS individuals (Willner et al., 
1980), although this was attributed to elevated adenylate cyclase 
activity (Willner et al., 1981). Results of this, and other studies, 
however, found no difference between control and MHS pigs in relation 
to adenylate cyclase activity (Ono et al., 1976; chapter 5). 
Therefore ,in view of this and the results of chapters 5 & 6, this 
chapter describes the comparison between control and MHS FSR 
thiophosphorylation levels. Using the conditions and procedures 
defined in chapter 6, thiophosphorylation was measured in 5 MHS FSR
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preparations and compared with the results frcm control FSR in 
chapter 6. These experiments were carried out at the same time as the 
control experiments, therefore any between group variation cannot be 
attributed to the age of tissue or different assay conditions. The 
effect of molybdate and dantrolene on MHS FSR thiophosphorylation is 
also described.
7.2 MATERIALS AND METHODS.
All materials and methods were as described in chapter 6. MHS 
pigs were identified by the "in vitro" pharmacological testing of 
skeletal muscle strips. Each sample produced typical MHS contraction 
responses to 3% halothane, 2mM caffeine, lirM Anectine and 80mM KC1.
7.3 RESULTS.
The thiophosphorylation levels in MHS FSR were equivalent to
?+ 2+those of control FSR. Basal, Ca -dependent and Mg -dependent 
thiophosphorylation activities were all observed in MHS FSR and the 
Ca2+-dependent and Mg2+-dependent activities were additive (figure 
7.1). All three thiophosphorylation activities in MHS FSR were not 
significantly different frcm those of control FSR (figure 7.1).
Initial experiments shewed that, like control FSR, MHS FSR 
thiophosphorylation was reversible (not shewn) . The effect of lOmM 
molybdate on MHS thiophosphorylation is also shewn in figure 7.1 
(Closed columns). While molybdate increased basal thiophosphorylation 
3.07-fold and Mg2+-dependent thiophosphorylation 5.26-fold, there was 
no significant change in the Caz -dependent thiophosphorylation (3.05 
+/- 0.88 nmol es/mg/hour compared with 2.59 +/- 0.9 nmoles/mg/hour). 
This is in contrast to the Caz -dependent thiophosphorylation of 
control FSR which was increased almost 2-fold by lOmM molybdate. The
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60 nmoles/mg/hour
control MHS control MHS control MHS
B
control MHS
Figure 7.1 Individual Thiophosphorylation Levels
in Control and MHS Skeletal Muscle FSR.
Thiophosphorylation of 5 control and 5 MHS FSR preparations was carried 
out in a buffer containing lOmM Tris/HCl, pH 7.4 and in the absence (open 
columns) and presence (closed columns) of lOmM molybdate. Each column 
represents the mean +/- S.E.M. The assay conditions used were:
(A) - Basal Thiophosphorylation = 2mM EGTA.
n  I(B) - Caz —dependent Thiophosphorylation = No additions.
(C) - Mgdependent thiophosphorylation = 2mM EGTA, lOmM MgCl^.
(D) - Ca^+-+ Mgdependent Thiophosphorylation = lOmM MgCl^
The basal thiophosphorylation level for each preparation was subtracted 
frcm the other levels to give cation specific thiophosphorylation.
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2+MHS FSR Ca - dependent thiophosphorylation in the presence of 
molybdate (2.59 +/- 0.9 nmoles/mg/hour) was significantly lcwer
(p<0.01) than that of control FSR (8.46 +/- 1.7 nmoles/mg/hour).
The inclusion of 20pM dantrolene in the incubation mixture of 3 
preparations, produced a considerable decrease in MHS FSR 
thiophosphorylation (table 7.1). In the presence of molybdate, 
dantrolene decreased MHS FSR Ca -dependent thiophosphorylation by 
33%, while Ca - plus Mg" -dependent thiophosphorylation was
decreased by dantrolene by 29% and 18% in the absence and presence of 
molybdate respectively. Although the technical difficulties discussed 
in chapter 6 prevented further examination of the effect of 
dantrolene, these results indicate that thiophosphorylation is 
reversible by dantrolene and to a slightly greater extent in MHS FSR.
Results fron fluorographic detection of the thiophosphorylated 
proteins did not allcw accurate guantitation of any differences 
between control and MHS FSR thiophosphorylation. Hcwever, it can be 
seen frcm figure 7.2 that, the same proteins found to be 
thiophosphorylated in control FSR were thiophosphorylated in MHS FSR. 
In general thiophosphorylation of each MHS protein was similar or
lcwer than that of controls with the exception of the Ca -dependent
2+thiophosphorylation of protein B and the Mg -dependent
2+thiophosphorylation of the Ca -ATPase (figure 7.3).
The effect of molybdate on thiophosphorylation of individual FSR 
proteins frcm MHS pigs was also ccrrtpared with that of control pigs 
(figure 7.3). While molybdate increased Ca“ -dependent 
thiophosphorylation of calsequestrin and protein B in control FSR, it 
had no effect on the Ca ^ -dependent thiophosphorylation of these 
proteins in MHS FSR. Mg^"^-dependent thiophosphorylation of MHS FSR 
shewed similar effects of molybdate to control FSR with elevated
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Table 7.1 The Effect of Dantrolene on MHS
FSR Thiophosphorylation.
THIOPHOS PHORYLATION 
(nmoles thiophosphate/mg/hour)
Ca2+/Mg2+ Ca2+/Mg2+
+ molybdate
„ 2 +Ca
+ molybdate
9 .22 + /-2.8
SAMPLE
MHS
MHS +
20>iM DANT
PERCENTAGE
INHIBITION
PERCENTAGE 
INHIBITION 
IN CONTROLS
17.34+/-3.14
10.67+/-2.81
38.46%
16.71%
56.7G+/-8.8
46.40+/-6.55
18.16%
1 1 .0 1 %
6 .21 + /-2 .78
3 2 .65%
27.10%
Thiophosphorylation of 3 MHS FSR preparations was carried out 
in the absence of EGTA. Where appropriate, lOmM MgCl^, 
lOmM Na^MoO^ and 20;jK dantrolene sodium were added after 
30 minutes pre-incubation at room temperature. 
Thiophosphorylation levels include basal activity.
The percentage inhibition of control FSR thiophosphorylation 
by dantrolene is also shown for comparison.
DANT = Dantrolene Sodium.
Figure 7.2 Fluorogram of Control and MHS FSR Thiophosphorylation.
Thiophosphorylation of control and MHS FSR was carried out for one hour 
in the presence of lOmM MgCl2, lOirM Tris, pH 7.4 and terminated by 
acetone precipitation.
Corresponding densitanetry scans are also shewn.
1 6 0
L * flfe c o n t r o l
t t t * t t t t t
origin I II A B C D E dye front
t t t t t t I t t
origin I II A B C D E dye front
MHS
Figure 7.3 Quantitation of Thiophosphorylated 
Control and MHS FSR Proteins.
Thiophosphorylation of FSR proteins was carried out in a buffer 
containing lOmM Tris/HCl, pH 7.4 and in the absence (open columns) and 
presence (closed columns) of lOmM molybdate. Each column represents the 
mean +/- S.E.M. for 3 FSR preparations.
7.3a - Basal thiophosphorylation = 2mM EGTA.
O  I7.3b - Ca dependent thiophosphorylation = No additions.
7.3c - Mg2+_ dependent thiophosphorylation = lOmM MgCl^, 2mM EGTA.
The basal thiophosphorylation level was subtracted fron the other levels 
to give cationic-specific thiophosphorylation.
I = Ca^+-ATPase
II = Calsequestrin 
A = 45 000
B = 33 000 
C = 20 000 
D = 14 000
E 11 000
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thiophosphorylation of calsequestrin and proteins D and E.
7.4 DISCUSSION.
The results of this chapter are consistent with a deficient
protein phosphorylation system in MHS FSR. While molybdate
2+significantly increased the Ca ' -dependent thiophosphorylation of
control FSR almost 2-fold, it did not alter that of MHS FSR.
Furthermore, dantrolene reduced both control and MHS FSR
thiophosphorylation. The effect of molybdate on Ca^-dependent
thiophosphorylation is similar to the pharmacological observations in
chapter 5. Molybdate increased the sensitivity of control skeletal
muscle to the diagnostic reagents, which was reversed by dantrolene,
while molybdate had no effect on the sensitivity of MHS skeletal
muscle to these reagents. Since molybdate is an inhibitor of protein
phosphatases (Leach et al., 1979), these results can be interpreted
as reflecting a deficiency in MHS FSR protein phosphatase activity.
2+Hcwever, molybdate increased the Mg - dependent thiophosphorylation 
of MHS and control FSR to approximately the same extent. Therefore,
the deficient protein phosphatase appears to concern mainly 
2+Ca -dependent activity. It is interesting to note that a number of
2+different protein kinases are activated by Ca and calmodulin, 
causing increased phosphorylation of proteins in response to neural 
and hormonal stimuli which raise cytoplasmic Ca concentration
(Cohen, 1982). A similar role for Ca -dependent phosphorylation in 
skeletal muscle has been suggested (Miliman and Azari, 1977), but 
remains to be substantiated.
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?+The hypothesis that MHS FSR contains a defective Ca -dependent 
protein phosphatase system, might be expected to lead to the finding 
of elevated MHS FSR thiophosphorylation levels. However, the results 
of this chapter shewed that there was no significant difference 
between the total FSR thiophosphorylation activities in control and 
MHS muscle. Furthermore, examination of the thiophosphorylated FSR 
proteins suggested that, in general, thiophosphorylation levels (and 
in particular Ca -dependent thiophosphorylation) in MHS FSR were 
slightly lower than those of control FSR. While these results might 
appear inconsistent with those obtained in the presence of molybdate, 
it should be noted that, as already pointed out, isolated FSR 
proteins (including calsequestrin) contain significant amounts of 
endogenously bound phosphate (Kranias et al., 1980). In fact this 
phencmenon has contributed to the variation in phosphorylation levels 
of SR reported by various groups (Varsanyi and Heilmeyer, 1980) and 
similarly, the large standard errors observed in this study may be a 
result of this. It can be implied that deficient protein phosphatase 
activity "in vivo" might lead to generally higher levels of protein 
bound phosphate in isolated MHS FSR. Furthermore, the pre-incubation 
step used in the assay in this study was designed to allow for some 
dephosphorylation to take place. Therefore, decreased MHS FSR protein 
phosphatase activity would allow for less dephosphorylation and 
subsequently less sites available for thiophosphorylation. This may 
have contributed to the slightly decreased thiophosphorylation 
observed in MHS FSR. For these reasons, a much larger study is 
clearly neccessary to accurately quantitate the thiophosphorylation 
activities in control and MHS FSR. Furthermore, procedures need to be 
designed which will efficiently remove endogenously bound phosphate 
without altering protein kinase and phosphatase activities.
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The steady state phosphorylation level of a protein is a function 
of the ccxnbined action of protein kinases and protein phosphatases 
(Krebs and Beavo, 1979). The Ca "^-dependent thiophosphorylation 
observed in these studies, must, therefore, be due to both 
Ca ^ -dependent protein kinases and phosphatases. Both of these 
activities have been detected in skeletal muscle (Horl and Heilmeyer,
1978; Horl et al., 1978). Hcwever, no specific role for 
7+Ca -dependent protein kinases and phosphatases has been determined.
The Ca -dependent class of protein phosphatases is new 
classified as protein phosphatase 2B (ingebritsen and Cohen, 1983a). 
Protein phosphatase 2B is further activated 10-fold by calmodulin 
(Stewart et al., 1983) and is inhibited by trifluoperazine (Stewart 
et al., 1983). While trifluoperazine (TFP) has many non-specific 
actions (Collins, 1984), it is interesting to note that TFP has been 
shewn to increase contractile activity of skeletal muscle and inhibit 
Ca^+-uptake and Ca^+-ATPase activity of skeletal muscle FSR (Collins, 
1984).
Although protein phosphatase 2B has a narrew substrate 
specificity (Stewart et al., 1983), one of these substrates is the 
inhibitor-1, of type 1 protein phosphatases (ingebritsen and Cohen, 
1983a). Protein phosphatase 1 is important in glycogen metabolism, 
but its broad substrate specificity suggests that it may have a wider 
role to play in skeletal muscle function (Cohen, 1982). Thus the 
activity of one protein phosphatase can influence the activity of 
other protein phosphatase and kinase systems with different cationic
O  Irequirements and substrates. Although Ca -dependent phosphorylation 
might be involved in Ca -release mechanisms, other roles cannot be 
excluded. It is likely that the control of protein phosphorylation 
and its role in skeletal muscle represents a complex interplay
between different protein kinases, phosphatases and their effectors.
Protein phosphatase 2B is present in high concentrations in 
skeletal muscle (Cohen, 1982 ) and appears to be identical to
calcineurin, a major calmodulin binding protein found in brain 
(Stewart et al., 1983). Calcineurin has been implicated in the 
regulation of neurotransmitter release (Cohen, 1982 ) . A role for
protein phosphatase 2B in regulating SR function, similar to that of 
calcineurin, is an interesting possibilty which remains to be 
determined.
While most of the thiophosphorylated proteins observed in this 
investigation are unidentified proteins, the Ca -dependent 
thiophosphorylation of calsequestrin was observed in control and MHS
OxFSR. Furthermore, molybdate elevated Ca -dependent
thiophosphorylation of calsequestrin in control FSR, but did not 
alter that of MHS FSR. Also, dantrolene has already been shewn to 
decrease the phosphorylation of calsequestrin (Campbell and Shamoo, 
1980). Since calsequestrin is a major Caz -binding protein (MacLennan 
et al., 1984), changes in its phosphorylation state might be expected 
to alter this function (chapter 6). Thus it is possible that a 
defective Ca^+-dependent protein phosphatase in MHS FSR might lead to 
elevated calsequestrin phosphorylation and decreased Ca^+-binding. 
Although no specific differences have been found between the 
electrophoretic mobilities or Ca -binding properties of 
calsequestrin isolated frem control and MHS FSR (White, personel 
ccmrnunication), the autophosphorylation of calsequestrin has been 
shewn to be stimulated 10-fold by the addition of protein phosphatase 
(Varsanyi and Heilmeyer, 1980). This enhancement of calsequestrin 
phosphorylation is consistent with isolated calsequestrin containing 
significant amounts of endogenously bound phosphate (Varsanyi and
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Heilmeyer, 1980). It is possible that the lack of effect of 
phosphorylation on calsequestrin Ca^+-bindinq, and, therefore, the 
lack of difference between control and MHS calsequestrin, is due to 
isolated calsequestrin being already activated by endogenous 
phosphorylation.
Variations in levels of endogenously bound phosphate may also 
apply to other phosphorylated proteins involved in Ca2+- transport.
94-Although a precise role for protein phosphorylation in Ca" -transport 
has yet to be described, this may explain the inconsistency of 
results in relation to Ca^+-transport mechanisms in MH (Gronert, 
1980; chapter 4). However, in the present investigation, it is 
suggested that mechanisms of Ca^+-transport are not altered in MHS 
SR. Indeed no such differences were found between control and MHS FSR 
in the present investigation (chapter 4). Elevated Ca ^ -dependent
O  I
phosphorylation is postulated primarily to decrease the Ca -binding 
of calsequestrin (and other SR proteins). This would result in 
increased free Ca in the SR lumen, increased levels of free Ca
94-in the myoplasm and therefore increased sensitivity to Ca" -release 
mechanisms and hypercontractility of MHS skeletal muscle. While this 
model alone is sufficient to explain the hypercontractility of MHS 
skeletal muscle, it is likely that a protein phosphatase cascade 
system exists in skeletal muscle (Ingebritsen and Cohen, 1983a), 
which would influence many aspect of skeletal muscle function. A 
deficiency at any point in this cascade system would have a 
multifactorial influence on skeletal muscle function and contribute
to the diverse features associated with MH.
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The hypothesis presented in this chapter clearly needs 
substantiation by further work. Same suggestions for future research 
in this area are discussed in the next chapter.
7.5 SUMMARY.
A specific difference was found between control and MHS FSR in
O  I
relation to Ca -dependent thiophosphorylation. While no significant
difference was found between thiophosphorylation levels in control
2+and MHS FSR, molybdate significantly increased the Ca -dependent 
thiophosphorylation of control FSR but not of MHS FSR.
Seven major MHS FSR thiophosphorylated proteins were identified
which were the same as those found in control FSR. Molybdate
2+increased the Ca -dependent thiophosphorylation of control 
calsequestrin but not that of MHS calsequestrin.
O r .
A model based on defective Ca -dependent protein phosphatase 
activity was proposed to explain the molecular abnormality which 
predisposes to MH.
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CHAPTER 8
GENERAL DISCUSSION.
The skeletal muscle abnormality which predisroses to MH appears
O  Ito involve the mechanisms which regulate myoplasmic Ca 
concentration (Denborough, 1980). Since the concentration of Ca in 
the myoplasm is regulated by the intricate membrane system of 
skeletal muscle (Ebashi et al., 1969), the ccrnponents of this system 
have been at the centre of MH-based research. Hcwever, a basic defect 
in MHS skeletal muscle has not yet been defined. Currently, the "in 
vitro" hypercontractility of MHS skeletal muscle in response to 
various stimuli is the only consistent method of assessing 
susceptibility to MH. Hcwever, different muscles and combinations of 
diagnostic reagents are used by different centres. Furthermore, as 
the test is invasive, adequate controls cannot easily be obtained. 
With this in mind the current diagnostic test for susceptibility to 
MH was examined in relation to the response of different human and 
porcine skeletal muscles to the diagnostic reagents. Secondly, 
several biochemical studies were undertaken, the results of which can 
be directly related to the pharmacological behaviour of MHS skeletal 
muscle "in vitro".
Human rectus abdominis muscle has been used frequently as a 
control for muscle used in the diagnosis of susceptibility to MH and 
for pharmacological and biochemical research . In agreement with 
other studies (Moulds, 1974; Gallcway, 1982), human rectus abdominis 
obtained from routine cholycystectony operations produced typical MH- 
negative contraction responses to 3% halothane, 2mM caffeine, ImM 
Anectine and 80mM KC1. Hcwever, it was observed that rectus abdominis 
obtained at caesarian section (Caesar rectus abdominis) produced
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contraction responses which were characteristic of MHS muscle. 
Furthermore, although patients undergoing caesarian section 
operations are administered Syntocinon, this was not the cause of the 
abnormal contraction responses of caesar rectus abdcminis. Muscle 
obtained before the administration of Syntocinon produced abnormal 
contraction responses and, when used "in vitro", Syntocinon reversed 
and prevented these contractions. It was clear that the 
hypercontractility of caesar rectus abdcminis was due to some 
phenomenon associated with pregnancy. The possibility exists that 
elevated or depressed levels of seme hormones, which occurs during 
pregnancy (Huszar and Roberts, 1982) influence the contractility of 
skeletal muscle. Indeed, both progesterone and oestrogen have been 
shewn to influence SR Ca - transport (Carsten, 1979; Naylor et al., 
1975). If the abnormal contraction responses of caesar rectus 
abdcminis were due to hormonal influences, then these results are of 
seme importance in the diagnosis of MH. Clearly, a larger study on 
the contractility of skeletal muscle "in vitro" which takes into 
account both "in vitro" and "in vivo" influences of various hormones 
is necessary. Such a study might be readily carried out using the pig 
as a model, since hormone levels may be artificially altered. It was 
also suggested that the abnormal contraction responses of caesar 
rectus abdcminis might be due to the effects of long term stretching 
on the muscle. While no such studies have been carried out in this 
area, the experiments could be performed, again using the pig as a 
model. Both of these suggestions for further investigation, however, 
represent relatively long term projects and were outside the limits 
of the present investigation.
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While human non-caesar rectus abdaninis produced typical 
MH-negative contraction responses, the same muscle fron pigs was more 
sensitive to caffeine than the gracilis muscle frcm the same pig. 
Furthermore, rectus abdcminis fron MHS pigs and MHN siblings of MHS 
pigs had higher contraction responses to 3% halothane, ImM Anectine 
and 80mM KC1 than the corresponding gracilis muscle. Contractions 
induced by the four diagnostic reagents in rectus abdaninis fron MHN 
siblings of MHS pigs were not significantly different fron those of 
MHS gracilis. These studies clearly indicate that porcine rectus 
abdaninis is more sensitive to contractile stimulation than porcine 
gracilis and should not be used as a control for gracilis muscle. 
Furthermore, the finding that rectus abdaninis fron MHN siblings of 
MHS pigs contracted abnormally to the diagnostic reagents may have 
implications in the use of human rectus abdaninis as control muscle. 
It would be of interest to examine the contractile behaviour of 
rectus abdaninis fran MH-negative relatives of MHS humans, should 
this became available. It is concluded fran this study that care 
should be taken when choosing human rectus abdcminis for control 
muscle or for the diagnosis of susceptiblity to MH and in particular, 
caesar rectus abdaninis should not be used for this purpose. It is 
also concluded that porcine rectus abdaninis should not be used as a 
control for porcine gracilis or for the diagnosis of susceptibility 
to MH.
While Syntocinon was found to be an effective skeletal muscle 
relaxant, the active agent "in vitro" was, not oxytocin but, the 
preservative, chlorbutol (chapter 3). Although chlorbutol is a kncwn 
smooth muscle relaxant (Botting et al., 1981), no action on skeletal 
muscle has previously been described. These studies support those of 
other studies fran this laboratory which found that different 
preservatives used in commercial preparations of drugs can influence
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skeletal muscle contractility and the performance of the diagnostic 
test for susceptibility to MH (Gallcway, 1982). It is clear that 
results obtained using ccmmercial preparations of drugs may not be 
directly related to the drug being examined unless the effects of 
other additives have been taken into account.
As chlorbutol has not previously been described as a skeletal 
muscle relaxant, it was considered important to establish a site of 
action. Furthermore, as chlorbutol reversed and prevented MHS 
contractions , "in vitro", it may be useful in the investigation of
O.LMH. For these reasons the effect of chlorbutol on the Ca^ - transport 
mechanisms of FSR vesicles was investigated. These mechanisms have 
consistently been shown by this laboratory to be normal in MHS 
porcine skeletal muscle (Denborough, 1973; White et al., 1983; White 
and Denborough, 1984; Collins, 1984). Furthermore, dantrolene, which 
also reversed and prevented characteristic MHS contractions "in 
vitro" did not alter FSR Ca2+- transport (White et al., 1983). 
Chlorbutol did not alter Ca2+-ATPase activity, Ca2+-uptake or Ca2+- 
eguilibrium exchange in control or MHS FSR vesicles (chapter 4). 
There was also no significant difference between control and MHS FSR 
in relation to any of these parameters of SR function. These results 
were important for two reasons. First, the action of chlorbutol was 
not due to a non-specific action on SR function. This was in contrast 
to the action of the phenothiazine drugs which altered the 
sensitivity of control and MHS skeletal muscle to the diagnostic 
reagents, partly by altering FSR Ca2+- transport (Collins, 1984). 
Establishment of a mechanism of action of chlorbutol may therefore be 
indicative of the site of the abnormality which predisposes to MH. 
Secondly, it was important for the interpretation of results in 
subseguent chapters to establish that there was no difference between 
control and MHS muscle used in this investigation in relation to the
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mechanisms of Ca - transport.
Elevated skeletal muscle adenylate cyclase (AC) activity has been 
reported in some MHS humans (Wiliner et al., 1981; Ellis et al., 
1984). The resultant increased cAMP-PK activity was thought to 
produce increased phosphorylation of specific SR proteins involved in
pithe regulation of myoplasmic Ca concentration. While such an action
pi pimight influence SR functions such as Ca - binding and Ca - storage
7+and not necessarily Ca - tranport, this has not been substantiated. 
Furthermore, other studies did not find any difference between 
control and MHS pigs in relation to the cAMP content (Ono et al., 
1976; Collins, 1984) or AC activity (Ono et al., 1977) of skeletal 
muscle.
In the present study, the role of AC in MH was investigated both 
biochemically and pharmacologically (chapter 5). It was found that 
fluoride and molybdate increased control and MHS skeletal muscle AC 
activity and increased the sensitivity of control skeletal muscle to 
the diagnostic reagents. However, noradrenalin and forskolin also 
increased skeletal muscle AC activity but had no effect on control or 
MHS skeletal muscle contractility. Furthermore, there was no 
significant difference between control and MHS porcine skeletal 
muscle in relation to cAMP content, basal AC activity or molybdate- 
stimulated AC activity. It was therefore concluded that elevated AC 
activity was not directly responsible for the hypercontractility of 
MHS skeletal muscle. Also, the ability of fluoride and molybdate to 
potentiate drug-induced contractions in control skeletal muscle was 
not mediated by elevation of AC activity. In contrast to their action 
on control skeletal muscle, fluoride and molybdate did not alter the 
sensitivity of MHS skeletal muscle to the diagnostic reagents. This 
suggested that MHS skeletal muscle had altered sensitivity to these
7+
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ions and discovery of the mechanism of action might lead to an 
understanding of the molecular abnormality in MHS skeletal muscle.
Fluoride and molybdate are inhibitors of protein phosphatases and 
as such might influence skeletal muscle contractility (chapter 6). 
Furthermore, the pharmacological action of fluoride and molybdate was 
prevented by dantrolene, which has been shewn to decrease the 
phosphorylation of calsequestrin (Campbell and Shamoo, 1980). The 
phosphorylation of skeletal muscle FSR was examined using the ATP 
analog ATP^S. This substrate has the benefits of longer half-life and 
safety when used with ATP^f^S and was found to be a suitable 
substitute for ATP. Thiophosphorylation levels were equivalent to 
previously reported levels of FSR phosphorylation and all previously 
identified phosphorylated FSR proteins were found to be 
thiophosphorylated, with the exception of a 57 000 molecular weight 
protein. Hcwever, during the course of these studies, considerable 
problems were encountered with the quality and availability of cold 
ATP#S. One ccmplete batch of ATP#S was discovered to be contaminated 
with by- products of its synthesis, resulting in its withdrawal fron 
the market. Because of this, although ATP2^S may be experimentally 
suitable for phosphorylation research, the variablility in quality 
and delays in supply may prevent it from being a viable alternative 
to ATP. Consequently, the following suggestions for further study may 
have to be carried out using ATP and not ATP25S.
Despite these technical difficulties, the thiophosphorylation of 
control skeletal muscle FSR was characterised and ccmpared with that 
of MHS skeletal muscle FSR. Basal, Ca^+- dependent and Mg^+- 
dependent thiophosphorylation activities were identified which 
thiophosphorylated 7 major SR proteins, two of which were the 
Ca^+-ATPase and calsequestrin. Fluorographic techniques were not
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specific enough for accurate quantiation of thiophosphorylation in 
individual FSR proteins. Hcwever, thiophosphorylated proteins may be 
separated from other proteins by the use of organcmercurial sepharose 
affinity columns (Sun et al., 1980) and then subjected to PAGE and 
fluorography. This procedure may prove useful towards quantitating 
thiophosphorylation of individual FSR proteins.
While there was no significant difference between control and MHS 
FSR thiophosphorylation levels, this was probably due to large 
variations in levels of endogenously bound phosphate in isolated FSR.
A more sensitive assay needs to be designed which allcws for complete 
removal of endogenously bound phosphate, without interfering with 
kinase or phosphatase activities. An extended pre-incubation step in 
the presence of activators of protein phosphatases (such as Ca and 
Mg^+ ), may be sufficient. Alternatively, the recently described 
"reverse kinase reaction" (Flockhart, 1983) may be utilised for this 
purpose.
Experiments carried out with fluoride and molybdate shewed that
only molybdate was acting as a general inhibitor of protein
phosphatase activity. In this system, fluoride appeared to chelate
Mg^+ resulting in decreased thiophosphorylation levels. Hcwever,
molybdate increased all thiophosphorylation levels in control
2+skeletal muscle FSR, although only basal and Mg - dependent 
thiophosphorylation were increased by molybdate in MHS skeletal 
muscle FSR. Ca^ - dependent thiophosphorylation was not altered by 
molybdate in MHS FSR. As these experiments were paired with 
experiments in the absence of molybdate, a paired t-test showed the 
effect of molybdate to be statistically significant. Thus, despite 
same variation in actual thiophosphorylation levels, a qualitative 
difference was found between control and MHS thiophosphorylation.
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9 -4-That is, molybdate increased control FSR Ca -dependent 
thiophosphorylation approximately 2- fold, but did not alter that of 
MHS FSR. These results were compatible with the pharmacological 
results which showed that fluoride and molybdate increased control 
skeletal muscle contractility but did not affect that of MHS skeletal 
msucle. Clearly a biochemical basis for the pharmacological action of 
fluoride and molybate has been found which suggests that MHS skeletal 
muscle may have defective Ca^+- dependent protein phosphatase 
activity. In order to investigate this further the ATP- quenching
experiments carried out to shew that thiophosphorylation was
7+reversible might be extended. The extent of reversibility of Ca - 
dependent thiophosphorylation in control and MHS FSR may be readily 
determined using this procedure. Other studies might include the 
identification and characterisation of FSR protein phosphatases in 
both control and MHS muscle using the recently established methods 
described by Ingebritsen et al., (1983).
The role of dantrolene in FSR protein phosphorylation requires 
clarification. Dantrolene has been shewn to reduce the 
phosphorylation of calsequestrin (Campbell and Shamoo, 1980) and 
experiments in the present study did shew that FSR 
thiophosphorylation was reduced by 20|oM dantrolene. Hcwever, only 3 
experiments were carried out which was insufficient for statistical 
analysis of the results. Further studies are necessary to confirm or 
disprove these observations. Furthermore, these studies did not 
indicate whether dantrolene altered protein phosphatase activity or 
protein kinase activity. Experiments using isolated protein 
phosphatases , kinases and artificial substrates may be useful for 
establishing a site of action for dantrolene.
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The present study has not investigated a possible site of action 
for the diagnostic reagents. While it is possible that these reagents 
also affect SR phosphorylation, this remains to be determined. 
Hcwever, the diversity of reagents which induce contractions in MHS 
skeletal muscle suggests that different sites of action are involved. 
It is suggested frcm the present study that it is the response of MHS 
skeletal muscle to the action of these different reagents which is 
altered as a result of decreased protein phosphatase activity. Thus, 
these reagents need not directly affect SR protein phosphorylation.
A basic assumption of the hypothesis presented in this 
investigation is that protein phosphorylation alters the affinity of 
Ca - binding proteins for Ca . While no information concerning this 
is currently available, it is a well established fact that 
phosphorylation of a protein alters its function (Cohen, 1983). A 
detailed study of the effect of phosphorylation on SR Ca - binding 
proteins is required. A suitable protein for investigation is 
calsequestrin, since this protein is the major SR Ca - binding 
protein (MacLennan et al., 1971), can be readily isolated frcm 
skeletal muscle FSR (White et al., 1983) and can be self- 
phosphorylated (Varsanyi and Heimeyer, 1979). Although some studies 
have already shewn no difference between the Ca - binding properties 
of MHS and control porcine calsequestrin (White, unpublished 
observations), this may have been due to the presence of endogenously 
bound phosphate (Varsanyi and Heilmeyer, 1980). Experiments allcwing 
for the complete dephosphorylation of calsequestrin should also be 
carried out. This may involve incubation of FSR in the presence of 
added protein phosphatases prior to the isolation of calsequestrin. 
Alternatively, the incubation of calsequestrin with protein 
phosphatases followed by a further purification step may be employed.
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In conclusion a biochemical difference between control and MHS 
skeletal muscle has been found which closely parallels the 
pharmacological differences between the two sources of muscle. While 
it is suggested that MHS muscle has a defective protein phosphatase 
and that this is responsible for the hypercontractility of MHS 
skeletal muscle, further investigation is necessary. Should this 
hypothesis be proved to be correct, the proposal that MH may 
represent a generalised membrane disorder (Gronert, 1980) and the 
fact that there are relatively few protein phosphatases, which have 
ubiquitous distribution (Ingebritsen and Cohen, 1983a), suggests that 
the abnormality may also be found in more accessible tissues. The 
development of a simple diagnostic test for susceptibility to MH 
would then become a distinct possibility.
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